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ABSTRACT 
This PhD project is set out to study the mechanism of gigaseal formation and to 
provide techniques which enable the frequent formation of high resistance seals.  
Such techniques are highly desirable at both research and industrial levels.  
Furthermore they can improve the rate of gigaseal formation in high throughput 
systems to the level which satisfies pharmaceutical industry needs.  To tackle the 
problem of gigaseal formation, the latest micro and nanotechnology have been 
introduced into the patch clamping technique.   
 
The research can be divided into three main sections.  In the first section the most 
important factors in seal formation were identified.  Then a group of novel 
approaches have been developed to alter these factors and achieve better sealing 
conditions. 
 
In the second section the effect of each factor on gigaseal formation has been 
studied.  Firstly, the effect of pipette tip roughness was investigated.  Scanning 
Electron Microscope (SEM) stereoscopic technique was used to reconstruct pipette 
tip and roughness parameters were calculated from the obtained digital elevation 
model.  Patch clamping experiments were carried out using conventional and 
focused ion beam (FIB) polished pipettes.  It is the first time FIB has been used as a 
polishing tool for glass micropipettes.  Finite element modelling of the patch clamp 
II 
 
experiments helped in interpreting the different results obtained from conventional 
and polished pipettes.  Secondly the effect of hydrophilicity of the patching site on 
gigaseal formation was examined.  Piranha solution and oxygen plasma treatments 
were used to increase the hydrophilicity of the glass micropipettes.  Patch clamp 
experiments were carried out using conventional and chemically treated pipettes.  As 
the final factor, the effect of tip size on seal formation was investigated.  Surface 
properties of pipettes having different sizes were measured using SEM stereoscopic 
technique.  Focused ion beam milling was used to split open the pipettes’ head for 
access to the inner walls.  Patch clamp experiments were carried out using different 
sized pipettes to observe the effect of tip size.   
 
In the third section of this research, glass micropipettes were characterized using 
various measurement techniques.  These measurements provide valuable information 
on the mechanism of micropipette tip formation, sources of leakage in gigaseal 
formation and geometry and surface roughness properties of glass micropipettes.  
Furthermore it also provides ways for controlling the surface roughness properties.  
The proposed techniques in this thesis not only explain the gigaseal formation in 
more detail, but also provide techniques to increase both the seal resistance and 
probability of seal formation.  FIB polished pipettes improved the seal resistance 
significantly and chemically treated pipettes resulted in the formation of seals for 
more than 80 % of trials.  Therefore the research aims have been successfully met. 
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CHAPTER 1: INTRODUCTION 
1 1 
1.1 Introduction 
This thesis presents an investigation on gigaseal formation in patch clamping using 
micro/nanotechnology. The gigaseal is a high resistance seal (in order of giga ohms) 
forming between cell membrane and patching site. The project was driven by the 
need of high resistance seals in order to be able to measure high quality recordings 
from cellular ion channels activities. The conventional technique of patch clamping, 
first introduced by Neher and Sakmann in 1976 (1), uses a glass micropipette to 
study every single cell individually. The nature of the technique makes it laborious, 
time consuming and very low in throughput yet providing high quality recordings. 
The introduction of planar patch clamping has revolutionized the technique (2). The 
new approach took the advantages of microfabrication techniques, microfluidics and 
nanotechnology, to overcome many of the difficulties of conventional patch 
clamping. Numerous different designs were developed all over the world. While 
these efforts were successful in developing less laborious and higher throughput 
systems, the low seal resistances of planar patch clamping systems prevent them 
from becoming an absolute alternative to conventional technique. In fact the superior 
data quality of conventional patch clamping recordings has made this approach the 
gold standard for ion channel studies (3), (4). It seems that before to be able to 
develop high throughput systems successful in forming high resistance seals, in 
depth studies on the physical and chemicals mechanism behind the gigaseal 
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formation are needed. The proposed approach uses micro/nano technology to study 
the influence of important factors such as roughness, hydrophilicity, pipette tip size 
etc on gigaseal formation. 3D reconstruction and nanotomography of glass 
micropipettes has revealed the details of the surface in contact with cell membrane. 
Focused Ion Beam (FIB) milling, plasma treatments and piranha solution treatment 
were used to alter the physical and chemical properties of the glass micropipettes. 
Extensive patch clamp experiments were conducted to investigate the effect of 
changes on seal resistance.  
1.2  Aims and Objectives 
The aims of this PhD project are to better understand the mechanisms of gigaseal 
formation and to enhance seal formation in patch clamping using 
micro/nanotechnology. The project also aims to provide techniques which are readily 
applicable in practice for gigaseal formation improvement.  
The research will start by an in-depth review of the state of the art patch clamping. 
Conventional patch clamping and microfluidics and lab-on-a-chip systems which 
encompass planar & lateral patch clamping were studied. Gigaseal formation, the 
heart of the patch clamping technique, was found to be a bottleneck which prevents 
the technique from further improvements. It is planned to tackle the problem by 
introducing the latest micro and nanotechnology into patch clamping technique. The 
major challenges in the project originate from the nature and requirements of main 
elements present in patch clamping. They fall into four categories. First, there are 
many factors involved in seal formation which are interrelated. Therefore to study 
one factor all other factors should be kept unchanged and a large number of 
experiments are required to assure that recordings correspond to the factor under 
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study. Second, glass micropipettes used in patch clamping are very fragile. They 
have a tip diameter of 1-2 µm and shank of several millimetres. Furthermore it is the 
inner wall of glass micropipette that interacts with cell membrane and is very 
difficult to access. All of these confine the number of possible processes that can be 
used for working on the area of micropipettes which is involved in seal formation. 
Third, cleanliness is the most important factor in gigaseal formation and none of the 
process which will be used to modify the properties of micropipettes should 
contaminate their surface. Fourth, glass micropipettes are not conductive and it is not 
possible to coat them with any conductive materials because of contamination 
aspects. Therefore FIB milling processes to modify the pipette surface should be 
done without coating the samples.  
In order to achieve the research aims mentioned above, the project objectives are set 
out as below:  
1. Review of the state of patch clamping. This includes reviewing conventional 
patch clamping and recently developed planar & lateral patch clamping 
systems to find out the bottle necks in the field.  
2. Inspection of areas of micropipettes which are involved in seal formation. 
This requires 3D reconstruction of pipette tip and pipette inner wall to 
measure geometrical and surface parameters. Different reconstruction 
techniques such as scanning electron microscope (SEM) stereoscopy and FIB 
nanotomography are required for different regions of micropipettes.  
3. Using Focused Ion Beam milling to: first, produce ultimately flat and smooth 
pipette tips, second, opening a window to have access to the inner wall and 
third, performing nanotomography to measure the roundness of 
micropipettes. 
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4. Using oxygen plasma treatment and piranha solution treatment to change the 
hydrophilicity of patching area of pipettes. 
5. Study the effect of pulling parameters on pipette geometry and surface 
properties to be able to pull optimum pipettes for a given application.  
6. Conducting patch clamp experiments to observe the effect of factors such as 
surface roughness, hydrophilicity, tip size on seal formation. 
7. Study the mechanism of micropipette tip formation.  
1.3 Thesis outline 
This thesis consists of seven chapters. Chapter 1 introduces the project research topic 
covered by this thesis. It includes the project aims, objectives and thesis outline. 
Chapter 2 reviews the current research progress on patch clamping. It starts with the 
introduction of conventional patch clamping method and is followed by a review of 
planar and lateral patch clamping systems. A comparison is made between the three 
kinds of patch clamping and their drawbacks and advantages are summarized. 
Chapters 3 to 6 describe research work carried out by the PhD candidate. Chapter 3 
studies the effect of roughness on gigaseal formation. First, the roughness of pipette 
is measured by 3D reconstruction of pipette tip using SEM stereoscopic technique. 
Principles of the technique are discussed. Second, the rough surface is polished by 
FIB milling and third, patch clamp experiments were carried out to observe the effect 
of roughness on seal formation. Finite element modelling of patch clamping is 
carried out to understand the effect of roughness on gigaseal formation. 
Chapter 4 investigate the effect of hydrophilicity on gigaseal formation. Oxygen 
plasma treatment and piranha solution treatment are used to change the 
hydrophilicity of patching area of pipette. The effects of treatments on surface 
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chemistry of glass are discussed. The results from different treatment times are 
compared and the best is selected. Only tips of micropipettes were treated and the 
rest of pipette is preserved from treatment by using previously manufactured moulds. 
Patch clamp experiments were carried out to observe the effect of hydrophilicity on 
seal formation. 
Chapter 5 presents the effect of tip size on gigaseal formation. Surface properties of 
tips and inner walls of pipettes with different sizes were obtained using SEM 
stereoscopic technique. Pipette heads were split open using focused ion beam milling 
for access to the inner walls. Relation between pipette resistance and tip size and its 
influence on gigaseal formation is discussed. Patch clamp experiments were carried 
out using different sized pipettes to observe the effect of tip size. 
Chapter 6 studies the geometry and surface parameters of micropipettes and 
mechanism of glass micropipettes tip formation. Inside and outside walls surface 
parameters of micropipettes before pulling were measured using laser interfrometry. 
Surface parameters after pulling were measured using SEM stereoscopy. The effects 
of pulling parameters such as heat, velocity, pull, time and pressure are investigated 
on pipette tip surface roughness and size. Roundness of pipette in contact area with 
cell is also measured using FIB nanotomography and image processing techniques. 
The results show that two different mechanisms are involved in glass micropipette 
tip formation. Measurements made in this chapter are used to explain the sources of 
leakage and are in good agreement with the experiments made in chapters 3 to 5. 
The study of gigaseal formation in patch clamping is finally concluded in Chapter 7. 
The major findings obtained from the study are summarised. Possible future research 
topics are suggested. 
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CHAPTER 2: LITERATURE REVIEW 
2  
2.1 Introduction 
 
This chapter presents a literature review of popularly used patch clamping methods 
and gigaseal formation mechanism.  Patch clamping was first introduced in 
biophysical studies by Neher and Sakmann in 1976 (1) and soon was expanded to 
many other fields in biology as well as to basic research in medicine and related 
areas (5).  The technique not only allowed the detection of single channel currents in 
biological membranes for the first time but also enabled higher current resolution, 
direct membrane patch potential control, and physical isolation of membrane patches 
(6).  The development of the patch clamp method was honoured with a Nobel Prize 
in 1991.  After more than 20 years of refinement patch clamping has been refined 
and is the gold standard technique for assessing ion channel functions (4).  The 
therapeutic areas in which ion channel modulators are most likely to be used include 
the largest categories, cardiovascular (with annual sales of $48 billion) and the 
central nervous system (with annual sales of $40 billion) (7).  In addition to these 
areas, ion channel modulators have application in a wide range of other high value 
areas such as pain (neuropathic pain is estimated to be worth approximately $550 
million per year) (7).  In the year 2000 drugs that modulate ion channels represented 
a valuable class of pharmaceutical agents with a total market value in excess of $8 
billion.  The global pharmaceutical market is worth more than $240 billion annually 
Chapter 2                                                                                             Literature review 
7 
 
with the major markets in the US, Europe and Japan where combined sales exceed 
$220 billion (7).  The global pharmaceutical market grew to $808 billion in 2009, at 
a compound annual growth rate of 9.3% between 1999 and 2009.  In 2009 there were 
a total of 14 cardiovascular blockbuster products with combined sales amounting to 
$50.7 billion.  The market has been forecast to grow to $1,033 billion in 2014, an 
equivalent Compound Annual Growth Rate (CAGR) of 5.0% over the next five 
years (8). Ion channels, their importance as drug targets and methods for measuring 
ion channel activities are discussed in section 2.2.  The method of patch clamping is 
introduced in section 2.3.  Recent improvements in patch clamping including planar 
and lateral patch clamping are the subjects of section 2.4.  Three types of patch 
clamping techniques are compared and their advantages are summarized in section 
2.5.  Gigaseal formation was found to be the area that requires more research.  The 
mechanisms of gigaseal formation and important factors in seal formation are 
discussed in section 2.6.  Finally, the literature review is summarised in Section 2.7. 
 
2.2  Ion Channels 
 
All living cells are covered by a plasma membrane.  The membrane consists almost 
entirely of a lipid bilayer with large numbers of protein molecules in the lipid (Figure 
2.1).  The lipid bilayer is not miscible with either the extracellular fluid or the 
intracellular fluid and constitutes an effective barrier to charged molecules.  As a 
result chemical compositions of extracellular and intracellular fluids are very 
different, which is extremely important to the life of the cell.  There are some protein 
molecules that often penetrate all the way through the membrane which provide 
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specialized passageways for specific substances and facilitate substance exchanges 
between intracellular and extracellular fluids (9). 
 
Figure 2.1. Structure of cell membrane. Integral proteins penetrate and bind tightly to the lipid bilayer, 
which is made up largely of phospholipids and cholesterol.  Lipid bilayer is between 4 and 10 
nanometers in thickness. Peripheral proteins are loosely bound to the hydrophilic (polar) surfaces, 
which face the watery medium both inside and outside the cell.  Some intrinsic proteins present sugar 
side chains on the cell’s outer surface (10). Section 2.6.2 discusses membrane structure in more detail. 
Ion channels are a subset of proteins that span the plasma membrane and control the 
flow of ions across the membrane.  They possess several properties that make them 
very effective in controlling membrane permeability to small water-soluble 
molecules.  Firstly, they are watery pores that connect one side of the membrane to 
the other.  Therefore substances can diffuse simply through these channels across the 
membrane.  Secondly, they are often selectively permeable to certain substances, 
which results from the characteristics of the channel itself, such as its diameter, its 
shape and the nature of the electrical charges along its inside surfaces.  Thirdly, 
channels are opened or closed by gating mechanisms.  The opening and closing of 
ion channels is called gating.  Ion channels can be gated by chemical, electrical, or 
mechanical stimuli (5), (11), and (12). Some of the major ion channels found in the 
plasma membrane are: Potassium channels, Sodium channels, Calcium channels, 
Hydrophilic head of 
phospholipid 
Hydrophobic tail 
of phospholipid 
Peripheral protein Integral proteins 
Cholesterol 
Sugar side chain 
Outer face 
Inner face 
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Chloride channels, Hyperpolarization-activated cyclic nucleotide-gated (HCN) 
channels, Nicotinic acetylcholine receptors (nAChR), neurotransmitter gamma-
aminobutyric acid receptors ( GABA), Glycine receptors, Kainate receptors, cyclic 
nucleotide-gated (CNG) channels.  
 
2.2.1 Importance of Ion Channel Studies  
 
Ion channels play a vital role in a huge variety of functions in all cells.  In excitable 
cells such as nerve and muscle, ion channels generate and shape electrical signals 
leading to action potential propagation, neurotransmitter release and muscle 
contraction.  Ion channels are fundamental in controlling the heart beat and sensory 
transduction including pain and brain function.  In non-excitable cells, ion channels 
are involved in hormonal secretion, immune cell responsivity, cell-cycling, ion 
distribution etc (7), (13). 
Ion channels together with G protein-coupled receptors (GPCRs) occupy more than 
50% of all the drug discovery targets (14).  Nowadays there are around 30 
‘channelopathies’ correlated to ion channel deficiencies including cardiac 
arrhythmias, diabetes, epilepsy, cystic fibrosis etc making  these proteins an 
important class of therapeutic targets for drug development (15). 
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2.2.2 Ion Channel Activity Measuring Methods 
 
A major constraint on developing new ion channel-based drugs has been the 
difficulty in screening ion channels at the throughput required of the modern industry 
in a cost-effective way and with functionally relevant screens.  The main methods of 
ion channel activity measurement are:  
 Patch clamp   
 Receptor binding assays 
 Flux measurements 
 Fluorescence detection. 
Undoubtedly the definitive method for studying ion channel function is that of patch 
clamping.  The method can detect signals in the pA range and even measure the 
current passing through a single ion channel protein in real time.  However, patch 
clamping is very low throughput (~100 data point/week) and doesn’t satisfy the 
pharmaceutical industry needs.  Therefore a good deal of effort has been made in 
developing alternative methods of monitoring ion channel activity that can be 
integrated into industry-standard compound screening formats with corresponding 
high throughput (7). 
 
2.2.2.1 High Throughput Ion Channel Screening 
 
The principle methods in ion channel programmes are:  receptor binding assays, flux 
measurements and fluorescence detection techniques.  The principle advantage of 
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these approaches is their medium to high throughput (15-60K dp/wk) albeit at the 
expense of information content (16).  
 
2.2.2.1.1 Receptor Binding Assays 
 
Cell-based receptor binding assays are a fundamental part of drug discovery 
programs and a valuable tool for elucidating the mechanisms of a drug’s biological 
effect.  To design a binding assay, a high-affinity ligand that binds to the site of 
interest is needed.  For some ligands, the affinity for a particular site has been found 
to vary according to the channel state (open, closed or inactivated), and hence they 
exhibit voltage or state-dependent binding.  This means that great care is required in 
designing a meaningful high-throughput assay (17).  Ligand binding assays say 
nothing about functional activity of unknown compounds and are unlikely to detect 
novel types of modulators by definition (7). 
 
2.2.2.1.2 Flux Assays 
 
Ion channel activity can also be monitored by measuring the ion flux across the cell 
membrane.  In an optimized flux assay, modulation of ion channel activity may 
produce readily detectable changes in radiolabelled or nonradiolabelled ionic flux.  
Technologies based on flux assays are currently available in a fully automated high 
throughput format for efficient screening.  This application offers sensitive, precise, 
and reproducible measurements giving accurate drug rank orders (16).  As with 
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fluorescence, there is no ability to control the membrane potential of the host cell 
and as such is suited to primary screening in combination with hit validation and 
lead optimisation using medium to high throughout patch-clamp techniques.  
Without adequate patch-clamp backup use of the technique, as with fluorescence, 
should be treated with caution (7). 
 
2.2.2.1.3 Fluorescence Detection  
 
Of the functional assays developed, fluorescence has been seen as the most cutting 
edge.  This methodology exploits changes in fluorescence that occur either with 
changes in the concentration of ions or changes in the membrane potential of the cell 
(7), (17).  It greatly enabled drug discovery for various types of ligand- and voltage-
gated ion channels (18).  However, these techniques are limited by their inability to 
control the membrane potential and thus provide less information about channel 
activity and conductance than patch-clamp techniques (19). 
 
2.3 Conventional Patch Clamping Technique 
 
In patch clamping a patch of membrane is isolated from the external solution to 
record the currents flowing into the patch.  To achieve this, small glass capillaries are 
heated and pulled to fabricate glass micropipettes with a tip diameter of 1–2 µm.  
The pipettes are then backfilled with a conductive solution and pressed against the 
surface of a cell.  To improve the sealing condition a gentle suction is applied to the 
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backend of the pipette.  As it is shown in figure 2.2 there are two electrodes in the 
patch clamp set-up:  a recording electrode inside the pipette and a reference electrode 
in the bath solution.  A high resistance seal between the glass and the patch of 
membrane reduces the leakage current between the two electrodes and completes the 
electrical isolation of the membrane patch.  It also reduces the current noise of the 
recording, permitting good time resolution of single-channel currents which are in 
the order of 1 pA (5).  Since the electrical resistance of the seal is in the order of giga 
ohms, it is called gigaseal.  
 
Figure 2.2. Schematic of the patch clamping experiment. 
 
The basic elements present in every patch clamping set up are (5): 
 The Platform 
Measuring from microscopic samples and moving the manipulator at submicron 
scale needs a very stable platform.  The main task of the platform is to prevent 
transferring vibrations from the base to the rig.  Quick movements or vibrations are 
fatal to seals.  
 
Recoding electrode 
gigasealBath solution
Reference electrode 
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 The Microscope 
There are two important issues about the microscope:  optics type and working 
distance.  In patch clamping it is important to visualize the membrane and because 
living cells are quite transparent Phase-contrast and Nomarski microscopy are 
usually used for this purpose.  Working distance is important because it determines 
the range angles of approach of the pipette.  To make a good seal the angle should be 
as perpendicular as possible for flat cells.  A large working distance provides the 
greatest flexibility. 
 The Manipulator 
The main function of the manipulator is to position the micropipette tip onto the cell 
membrane in a controlled manner.  A good micromanipulator should minimize drift 
and vibration and have a high resolution to be able to result in a good seal formation.    
 Electrodes and Micropipettes 
A micropipette works as a bridge between microscopic scale biological samples and 
macroscopic measuring devices.  The tip is formed by locally heating and pulling of 
a glass tube in a micropipette puller.  A large section of this thesis concerns the 
properties of micropipettes and their influence on gigaseal formation.  
 Bath and Superfusion System 
 Electronics 
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2.3.1 Conventional Patch Clamp Configurations  
 
There are several configurations of the patch clamping technique (figure 2.3).  These 
configurations enable the technique to: study ion channels at different levels; either 
whole cell or individual ion channels and manipulate easily the fluid on the 
extracellular and/or the intracellular side of the membrane during a recording (5), 
(20).  The configurations are: 
 Cell attached  
 Whole cell 
 Inside out 
 Outside in 
 Perforated 
 
Figure 2.3. Patch clamp configurations (20) 
Low resistance 
Cell attached (gigaohm seal) 
Pull 
Pull Pull 
Pull 
Pull 
Small cell 
Suction/ zap 
Air exposure  
Inside out  Outside out  Whole cell 
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2.3.1.1 Cell Attached Mode 
 
The micropipette is positioned against the cell membrane and suction is applied to 
the backside of the pipette.  A very high resistance seal (known as gigaseal, see 
section 2.6) forms between glass and cell.  Ion channel activity in the tiny patch of 
membrane surrounded by the tip can be studied.  The cell-attached patch mode is a 
single-channel configuration. This configuration leaves the cell intact, and is the 
most physiological configuration to study single channels and the simplest to obtain.  
Every patch clamp experiment starts with this situation.  
2.3.1.2 Whole Cell 
 
By applying a higher suction the patch of membrane under the pipette tip in cell-
attached mode will rupture and the pipette solution make direct contact with the 
cytoplasm.  The ensemble response of all ion channels within the cell membrane can 
be studied. 
 
2.3.1.3 Inside Out Mode 
 
By quickly pulling away the pipette from the cell after the cell attached mode is 
obtained the patch of membrane within the tip of the electrode can be torn from the 
cell while maintaining the gigaseal.  This configuration enables study of the effects 
of cytosolic factors on channels.  This mode is also a single ion channel 
configuration. 
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2.3.1.4 Outside Out Mode 
 
By slowly pulling away the patch pipette from the cell in whole cell configuration a 
bleb of cell separates from the cell and forms a patch on the tip of the pipette.  This is 
a single ion channel configuration and enables study on the effects of extracellular 
factors on the channels, because the bath composition can be altered easily during 
recording.  
 
2.3.1.5 Perforated Patch Mode 
 
As the volume of the cell is negligible compared with that of the patch pipette, the 
cytoplasm is washed out in the whole cell configuration.  This is a disadvantage 
when the experimenter aims to study cytosolic factors.  To avoid this problem a 
membrane-perforating agent is added to the pipette solution in the cell attached 
mode.  The agent perforates the membrane so that only small molecules such as ions 
can pass through, leaving the cytoplasm’s organic composition largely intact.  This is 
referred to as perforated patch clamp mode and allows the study of all ion channels 
in the cell membrane. 
  
2.3.1.6 The Equivalent Circuit for the Cell-Attached Patch Configuration 
 
Cell attached mode has been chosen to study the gigaseal formation in this research.  
The equivalent electrical circuit for this mode is illustrated in figure 2.4.  
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Figure 2.4. Equivalent circuit for the cell-attached patch configuration.  
Definitions of the elements in figure 2.4 are as below: 
Rpipette is pipette resistance.  
Cpipette is pipette capacitance. 
Rleak is leak resistance and represents the quality of the seal between the glass 
micropipette and membrane. 
Rpatch is the resistance of the patch of membrane inside the pipette.  
Rm is the whole-cell membrane resistance. 
Cm is the whole-cell membrane capacitance.  A membrane and the intracellular and 
extracellular media form a capacitor.  
Em is the potential difference across the membrane.  
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Rpipette, Cpipette and Rleak are of great importance in patch clamping and are discussed 
in more detail.  
 
Rpipette and Rleak:  the small size of the tip of the micropipette creates a resistance.  
The resistance is usually minimised by using a highly conductive solution to fill the 
pipette and form a connection with the metal junction that leads to the probe.  The 
pipette resistance is relatively low, but the resistance of the patch of membrane is 
very high.  According to Kirchhoff’s voltage law, the greatest voltage drop in a 
series circuit will be over the highest resistance, therefore if the Rpatch is high 
compared with Rm and Rpipette, then the circuit effectively monitors current flow 
through the patch and any ion channels in it.  There is one parallel resistor in the 
circuit, with the potential of short circuiting, i.e. draining away current.  Leak 
resistance (Rleak) represents the quality of the seal between the glass of the 
micropipette and the membrane.  If the seal is good, then Rleak is very high and no 
significant current will leak away.  The current through Rpatch has two pathways to 
ground (the bath): through the probe and through Rleak, therefore Rleak should be 
much higher than the current input resistance of the probe.  In addition, good voltage 
clamp of the Rpatch can take place only if the parallel Rleak is not too low, and a low 
Rleak also significantly increases noise.  
 
Cpipette:  the relevant capacitances in the circuit are the pipette capacitance (Cpipette), 
membrane capacitance (Cm) and the capacitance of the patch of membrane.  The 
latter is very small and not drawn in the equivalent circuit of figure 2.4.  The whole-
cell capacitance (Cm) is not so important here because the whole-cell membrane 
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resistance (Rm) is usually so much smaller than Rpatch that Rm effectively short-
circuits Cm.  The pipette capacitance (Cpipette), although small, must be well 
compensated for because the high magnification and fast time scale often required in 
single-channel recording greatly exacerbate capacitive artefacts.  The pipette glass is 
an insulator between the bath solution and the pipette solution, i.e. it forms a 
capacitor.  Capacitors will delay potential changes and this situation is no exception.  
In practice, fast membrane potential changes such as action potentials can be 
distorted by this effect and many amplifiers have circuitry built in that allows for the 
introduction of negative capacity to counteract it.  In sensitive single-channel 
recording the capacitances formed by the micropipette and possibly the pipette 
holder can become very significant.  These capacitances contribute to thermal noise 
through RC noise and dielectric noise, and can be minimised by making the pipette 
and holder short (reducing the capacitor plate area) and/or thick (increasing the 
capacitor plate distance).  A special case of capacitance prevention is to thicken the 
micropipette wall after pulling, by application of an insulating layer of beeswax or 
silicone gel.  This reduces pipette capacitance by increasing capacitor plate distance 
but also by preventing a water film from creeping up the outer pipette wall to create 
more capacitance.  The thickening process – or ‘sylgarding’, named after the silicone 
product that is often used for it – can be tricky because most benefit is gained by 
treating the pipette close to the tip where the glass is thinnest.  It is sometimes more 
practical to direct effort towards pulling micropipettes with very blunt (fast-tapering) 
tips. 
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2.4 Attempts to Improve Patch Clamping  
 
As was discussed earlier, patch clamping is the gold standard for ion channel studies.  
This technique is capable of studying ion channels at the highest possible resolution 
(single channel recordings).  However patch clamping also suffers from major 
drawbacks such as being very laborious, time consuming and requiring a lot of 
experience to get satisfying results.  These drawbacks have made conventional patch 
clamping a very low throughput technique.  To overcome these problems automated 
patch clamp systems have been introduced.  Automation can reduce the level of 
complexity and increase the throughput of conventional patch clamping.  
Automation of patch clamping has three major obstacles (21): 
1. An ultraclean surface on a suitable substrate is required for obtaining the 
required gigaseals for measuring tiny currents. 
2. A single cell should be positioned in micron scale at the patching site without 
using a microscope and micromanipulator.  
3. Complex fluidic and electronic procedures should be carried out to 
automatically perform the complicated steps involved in a patch clamp 
experiment. 
Efforts to improve and automate the conventional patch-clamp method fall into two 
categories (22):  
 Improved configurations for conventional patch clamping and  
 Planar and lateral patch clamp systems. 
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2.4.1 Improved Configurations for Conventional Patch Clamping 
 
A novel idea is introduced by A. Lepple-Wienhues et al (21) for making seals inside 
a micropipette (figure 2.5).  The configuration has the potential to be automated and 
inverts the cell-electrode interface.  The pipette is backfilled with a solution 
containing cells and suction is applied to the tip.  The cell forms a seal with the inner 
side of the pipette.  The approach uses conventional glass micropipettes for seal 
formation which have some advantages, such as:  cost effectiveness, being easy and 
reliable to pull pipettes with holes in micrometer scale, good surface properties and 
good material for seal formation (proven gigaseal substrate).  The approach enabled 
them to develop a fully automated patch clamp robot (22).  
 
Figure 2.5 Comparison of conventional patch clamping with flyscreen technology.  Flushing 
suspended cells into glass pipette tips automatically achieves stable gigaseals.  Microscope and 
micromanipulator are no longer required in contrast with conventional patch clamping (21), (23).  
 
Another attempt to improve conventional patch clamping was introduced by D. 
Vasilyev et al and is called RoboPatch (figure 2.6) (3).  The pipette is inserted into 
cell suspension under a positive pressure.  A gigaseal is obtained by switching the 
internal patch pipette pressure from positive to negative (suction).  This suction near 
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the vicinity of the patch pipette tip attracts cells to the opening and eventually results 
in a physical contact between cellular membrane and patch pipette, allowing the 
formation of a gigaseal.  
 
Figure 2.6 RoboPatch automated system. It utilizes a blind patch voltage-clamp recording method for 
ion channel drug screening (3).  
 
Although these approaches overcome some of the drawbacks of conventional patch 
clamping  they still have some disadvantages, such as:  there is no optical access to 
the cell and the throughput, although higher than conventional patch clamping, 
doesn’t meet pharmaceutical industry needs.  The fundamental electrode is still an 
individual glass pipette which cannot be easily scaled to high throughput 
applications.  At the same time, the heavy reliance on automated sample handling 
limits applicability at the research level (22). 
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2.4.2 Planar and Lateral Patch Clamping  
 
In planar patch clamping the pipette is replaced with a microstructured chip.  A 
planar chip with a micron sized pore separates the intracellular and extracellular 
solutions.  The cell is positioned on the pore and suction is applied to encourage 
gigaseal formation.  In comparison with conventional patch clamping, planar patch 
clamp configuration doesn’t need costly equipment such as:  a precise manipulator, 
high magnification microscope and antivibration table.  
 
Fertig et al (2002) conducted one of the earliest attempts in the field of planar patch 
clamping.  Their design is shown figure 2.7.  The figure also shows the difference 
between conventional and planar patch clamp configurations (2). 
 
Figure 2.7 Replacing the patch clamp pipette with a microstructured chip.  a)  Whole cell 
configuration of the classical patch clamp technique.  Using an x-y-z micromanipulator and a 
binocular microscope, the tip of a glass pipette is positioned onto a cell.  b)  Whole cell recording 
using a planar chip device.  The quartz chip has an aperture of micrometer dimensions.  Cells in 
suspension are positioned and sealed onto the aperture by brief suction.  Further suction establishes 
electrical contact as in A.  No microscope or micromanipulator is needed (2). 
a 
b 
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The idea of bringing cells to the patching site rather than bringing the pipette to the 
cells drew the attention of many researchers and hundreds of different designs were 
developed, each of them has some advantages over the others but are not free from 
drawbacks.  One of the major drawbacks of planar patch clamping is that the same 
hole is used for both cell positioning and gigaseal formation.  This greatly affects the 
gigaseal quality since debris in the solution may block or contaminate the pore.  To 
overcome this problem, A. Stett. et al (2003) developed a concentric double pipette- 
like structure (figure 2.8).  The outer channel is used for cell positioning and the 
inner channel for current measurements.  Positive pressure is initially applied in the 
inner channel to prevent debris from approaching its surface.  Suction in the outer 
channel directs a cell to the top of the measurement site, which looks exactly like the 
tip of a pipette.  When a cell is placed at the measurement site, suction is used in the 
inner channel to encourage seal formation (24). 
 
Figure 2.8 Prototype of the CytoPatchTM Chip. a)  Design pattern of the cytocentering site with its 
two concentric openings formed with a focused ion beam in a 10 µm thick quartz layer (Scanning 
Electron Microscope (SEM) image, scale bar 2 µm), b) schematic drawing of the cytocentering site 
with suction and contact channels embedded in the bulk of a quartz chip. c)  Schematic drawing of a 
CYTOPATCHTM site, which provides chip, cell and compound supply fully automated for cell-by-
cell patch clamping (24). 
a 
b 
c 
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Planar patch clamping systems increase throughput mainly by taking advantage of 
their potential to be parallelised and integrated with microfluidic systems.  
Microfluidic systems facilitate cell manipulation and provide good control on 
intracellular and extracellular solution exchange.  B. Matthews et al (2006) 
developed a microfabricated planar patch-clamping system with poly 
dimethylsiloxane (PDMS) microfluidic components (figure 2.9) (11). 
 
Figure 2.9 A microfabricated planar patch-clamp substrates and polydimethylsiloxane (PDMS) 
microfluidic components. a) Schematic diagram of a planar patch-clamp dose-response measurement 
system, b) Overview of the eight-port microfluidic system and c) Photograph of the macroscopic test 
fixture with eight capillaries connecting to the micromachined planar patch-clamp system. 
 
The design shown in figure 2.9 uses the advantages of PDMS as a transparent, easy 
to process material.  The use of PDMS components has made the exchanging of 
planar patch clamp chips easier and facilitated quick microfluidic connections.  The 
integration of microfluidics into planar patch-clamp systems can enhance the 
a 
b c 
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solution control by providing laminar- flow conditions, rapid fluid exchange, and 
micro-scale control elements such as valves and a pump.  
The second greatest advantage of planar patch clamping systems is their potential to 
be parallelised.  J. M. Nagarah et al reported the fabrication of quartz films with high 
aspect ratio pores in order to be used as a planar-patch electrophysiology device 
(figure 2.10).  The smooth surface of pores, the material type and the high depth of 
pores (which will increase the length of membrane-glass position)  resulted in a 
formation of high resistance seals comparable with those in conventional patch 
clamping.  When interfaced with a microfluidic system, this device has the potential 
to serve as a low noise, high throughput patch clamp platform (25).  
 
Figure 2.10 Fabrication of high aspect ratio pores in quartz films. a) Pore patterns, smaller than the 
intended nickel pores, are lithographically defined in a resistant layer above a nickel film.  The 
exposed Ni (anode) is electrochemically etched/polished in concentrated acid to create highly 
polished Ni patterns undercut from the resistant pattern.  SEM image of arrays of pores in a 250 nm 
thick Ni film is shown.  Scale bar = 5 μm. b) SEM images of pores in Ni films with different 
thicknesses, #1-3: 100 nm, 300 nm, 500 nm, respectively. c) The Ni pores serve as etch masks during 
high-density plasma etching of high aspect ratio structures in silicon dioxide.  An SEM image of an 
array of pores etched 5 μ m deep in silicon dioxide.  Scale bar = 5 μ m. d)  SEM images of high-
aspect ratio pores in silicon dioxide with very smooth sidewalls.  The depth of each pore, #1-3, is 3 
μm, 5 μm, 8 μm, respectively.  Pores #1-2 are etched in low temperature oxide films while pore #3 is 
etched in fused quartz. 
a b 
c 
d
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Although planar patch clamp systems increased the throughput by their ability to be 
parallelized and automated, they are not free from deficiencies.  The main drawback 
of planar patch clamping systems is that the value of the seal is low, as a result the 
quality of measurements are not high.  Single channel recording is also very difficult 
to obtain because of the very good sealing conditions which are needed for these 
recordings. There is no optical access in most of the cases except when the chip is 
made of transparent material like glass or PDMS (2), (22).  Similar to patch clamp 
pipettes, the planar patch clamp chips cannot be reused once a recording is made.  
Therefore low cost and easy fabrication processes are desirable.  Lateral patch 
clamping was introduced to overcome some of the drawbacks of the planar patch 
clamping system.  PDMS has been widely used in lateral patch clamping systems.  
Using PDMS has some advantages such as: the fabrication process is sufficiently 
simple (requiring only molding and bonding), secondly it is economical to enable the 
production of single use disposable devices and thirdly it is transparent which 
enables the visualization of the cells during recording (26).  
 
Figure 2.11 shows a PDMS based lateral patch clamping system developed by P. Lee 
and his colleagues (26). 
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Figure 2.11 Patch clamp array on a microfluidic platform. a) Cell trapping is achieved by applying 
negative pressure to recording capillaries, which open into a main chamber containing cells in 
suspension.  The device is bonded to a glass coverslip for optical monitoring. b) Scanning electron 
micrograph of three recording capillary orifices as seen from the main chamber.  The capillary 
dimensions are 4×3µm, with a site-to-site distance of 20µm. c) Darkfield optical microscope image of 
cells trapped at three capillary orifices. The device consists of 12 capillaries arrayed 6 along each side 
of the main chamber fluidic channel, along a 120µm distance (26). 
The PDMS microfluidic chip is moulded from microfabricated silicon/SU-8 master.  
Cells are trapped at the micro-sized lateral channels and gigaseals have been 
obtained.  This geometry allows inherent microfluidic integration, high density patch 
sites, and the ability to do fluorescence measurement during electrical recording.  
The success rate to form gigaseals is only about 5%.  However, in view of this 
system’s easy integration with microfluidics, it becomes promising for situations 
where a low-resistance seal is acceptable.  Cell trapping sites in this design are at the 
bottom plane of the chip which gives the patched cell an uncommon deformation.  
Therefore another design was introduced, by the same group, which has elevated 
trapping sites (Figure 2.12) (27).  In this design a thin layer of PDMS (20 µm) is 
bonded to the main PDMS microfluidic channels by treating both surfaces with  
oxygen plasma.  The PDMS device is peeled off from the silicon wafer and a 4 mm 
hole is punched at the centre of the device to open an access to the patching sites.  
a b 
c 
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The device is then bonded to a glass cover slip and is ready to use.  The success rate 
of the device is higher than 80% but the low values of seals (250 MΩ) are just 
sufficient for whole cell recording. 
 
Figure 2.12 Open-access microfluidic patch-clamp array with raised lateral cell trapping sites. a) 
Cross-sectional illustration showing how the cell is trapped in the new design in comparison with how 
the cell is trapped in previous lateral patch clamp devises. b) Angled view of the device.  Patch 
channels and cell manipulation channels were filled with two different dyes.  The open access 
chamber is shown in the image, where cells or drug samples can easily be pipetted in. c) Schematic of 
the set-up showing how the cell is being trapped onto the channel. d) Close-up of a trapped cell on the 
patch channel in bright field and fluorescent image of the same cell (27).  
Many different designs and materials are used in planar and lateral patch clamping, 
although generally the value of seals are not comparable with seals in conventional 
patch clamping.  Some of the other materials used in planar patch clamping systems 
are: 
 Silicon dioxide (28), (29) 
 Quartz glass (2), (30) 
 Silicon nitride (31) (32) 
 Diamond-on-silicon (33) 
 Polyimide (34) 
b
d
c 
a 
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2.5 Comparison of patch clamping methods  
 
In this section a comparison is made between the different kinds of patch clamping. 
The advantages and drawbacks of each kind are presented in Table 2.1. 
Table 2.1 Comparison of 3 kinds of patch clamping: conventional, planar and lateral. 
 Conventional Patch 
clamping 
Planar patch clamping Lateral patch clamping 
Quality of recordings Superior data quality 
(3), (25) 
Lower data quality (3), 
(25) 
Lower data quality 
Throughput  Lower throughput
(14), (33), (35)  
Higher throughput (4), 
(36), (22), (11) 
Higher throughput (26), (27)  
Value of gigaseals Higher (3), (25) Lower Lower (26), (27) 
Optical access Yes  No* (22) Yes* (37), (26) 
Microfluidic 
integration 
N/A Yes (11), (38), (35), (39) (40) Yes (37), (26) 
Ability to control 
pipette and bath 
solution 
More difficult (41) Easier (11) (39) Easier  
Density of cell trapping 
sites 
N/A Lower Higher (37), (26), (27) 
Level of complexity Higher (27), (33) Lower (2) Lower 
Level of user expertise Higher (27), (33) Lower Lower 
Cost Expensive 
equipment, cheap 
pipettes 
Expensive single use 
chips (42), (22) 
Cheaper than planar, 
more expensive than 
conventional  
Pipettes/chips 
fabrication processes 
difficulty 
Easy  Difficult Easier than planar, more 
difficult than 
conventional 
Time consumption  Higher (27), (33), (2) Lower Lower 
Ability to choose the 
best cell for patching  
Yes No Yes 
Potential for 
automation 
Yes (43), (21), (3), (44) Yes (22), (11), (45), (46), (24) Yes (26), (27) 
* Unless the substrate is made of glass or other transparent materials.  
As it can be understood from the table conventional patch clamping has better data 
quality and lower throughput while planar and lateral patch clamping have lower 
data quality and higher throughput.  Planar and lateral patch clamping systems have 
revolutionized the patch clamping technique and took the advantages of 
microfabrication techniques, microfluidics and nanotechnology.  Although they 
overcome many of the difficulties of conventional patch clamping, it is  conventional 
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patch clamping that has become the gold standard for ion channel studies.  The low 
seal resistances of planar patch clamping systems prevent them from becoming an 
absolute alternative to the conventional technique.  Due to the superior data quality 
of conventional patch clamping recordings, the confirmation of ion channel 
recordings is often based on the data obtained by conventional patch clamping (3).  It 
seems that before the development of high throughput systems successful in forming 
high resistance seals, in-depth studies on the physical and chemical mechanism 
behind the gigaseal formation are needed.  In the next section the mechanism of 
gigaseal formation is discussed and the important factors in forming a high resistant 
seal are introduced.  
 
2.6  Gigaseal Formation 
 
Upon applying suction a patch of membrane goes inside the pipette and a seal forms 
between the glass and membrane.  As the electrical resistance of the seal is in the 
order of giga ohm it is called gigaseal.  To have a good understanding of the 
interactions and forces in gigaseal formation it is necessary to have a close look at 
the glass and membrane structures.  
 
2.6.1 Glass Structure 
 
Glass have a molecular structure similar to a quartz crystal.  In glass the regular 
arrangement of atoms found in crystalline quartz has been disordered by melting and 
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by the addition of contamination such as sodium oxide and boric oxide.  Quartz is a 
mineral composed of silicon and oxygen:  SiO2.  Each silicon atom in quartz is 
surrounded by four tetrahedral disposed oxygens, and each oxygen forms a bridge 
between two silicon atoms (Figure 2.13) (47). 
 
Figure 2.13 Quartz molecular structure (48) 
Quartz is transparent and strong but melts at a rather high temperature (1600C), 
therefore it is not suitable for fabricating patch clamping pipettes.  If  the appropriate 
amount of sodium oxide (Na2O) is added to quartz a soft glass known as soda glass 
results, which melts at a lower temperature (800C).  The presence of sodium ions 
relatively disorder and loose the glass structure and give a higher conductivity to 
soda glass than fused quartz and hard glass (to be described later).  Due to its higher 
conductivity soft glass is noisier than quartz or hard glass.  In fabricating 
micropipettes for patch clamping, borosilicate glass (hard glass) has long been used 
and found satisfactory for most purposes. Borosilicate, or hard glass has an 
intermediate structure and properties, between those of fused quartz and soft glass.  
It is composed of silicon dioxide, sodium oxide and boric oxide (B2O3) in relative 
proportions of about 80%, 5% and 15%.  Hard glass, as compared to soft glass, has a 
structure more like that of fused quartz.   As a result it also has higher mechanical 
strengths, higher melting point (1200C), lower electrical conductivity and therefore 
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is less noisier (47).  Some of the physical characteristics of glass are summarized in 
Table 2.2.  
 
Table 2.2. Physical characteristics of glass (47) 
Glass type Melting temp 
(°C) 
Resistivity 
(Ω cm) 
Coefficient of 
thermal expansion 
(cm/cm per °C) 
Dielectric 
constant 
Surface charge 
(e/nm2) 
Quartz 1600 1014 6×10-7 3.75 0 
Hard 1200 1010 3×10-6 4.0 0.05 
Soft 800 107 1×10-5 7.0 0.3 
 
To understand the glass-membrane interactions involved in the formation of tight 
seals, surface properties of glass should be considered.  The glass surface is 
composed of silicon atoms and oxygen on one of three configurations:  oxygens that 
form the bridge between pairs of silicon atoms, oxygens bound to  hydrogen and 
charged oxygen with their charge neutralized by a sodium ion (figure 2.14).  
 
 
Figure 2.14 Representation of glass surface in two dimensions (47) 
 
Glass has about one oxygen per square nanometre of surface area (47).  In soft glass, 
about one third of these oxygens are charged, producing a surface charge density of 
approximately 0.3/nm2; borosilicate glass has fewer charged oxygen atoms and a 
Chapter 2                                                                                             Literature review 
35 
 
negative surface charge density of about 0.05/nm2.  Glass has a negative surface 
charge and is strongly hydrophilic (47).  
 
2.6.2 Membrane Structure 
 
Liquid bilayer membranes are constructed of phospholipids.  The phospholipids 
contain both hydrophobic (fatty) and hydrophilic (polarised) residues.  In a watery 
environment phospholipids will arrange themselves spontaneously into structures 
where the hydrophobic residues face each other.  The arrangement found in cell 
membranes is a bilayer of phospholipids (figure 2.15). 
 
 
Figure 2.15 Phospholipids. a) Phosphatidyl choline, which is a typical membrane phospholipid, has a 
polarised head and fatty tails, b) Bilayer arrangement of phospholipids in a watery environment (49).  
 
The most common types of phospholipids present in bilayer are 
phosphatidylethanolamine, phosphatidylcholine and phosphatidylserine.  The first 
two of these phospholipids have no net charge, because the positive charge on the 
ba 
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alcohol balances the negative charge on phosphate.  The third is negatively charged.  
The net density of surface charges on phospholipid bilayers is about less than one 
charge per square nanometre.  Note that on the 5 to 10 A scale, phospholipid head 
group have both positive and negative charges even when the net surface charge is 
negative (47).  
 
There are two other general constituents embedded in the lipid bilayer membrane; 
first, a variable number of membrane proteins whose density ranges from a few 
hundred per square micrometre up to 10000 per square micrometre and second, a 
large number of macromolecules associated with the extracellular surface of the 
membrane (figure 2.16).  
 
Figure 2.16 Structure of the cell membrane, showing that it is composed mainly of a lipid bilayer of 
phospholipid molecules, but with large number of protein molecules protruding through the layer (9).  
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There are two types of proteins in the membrane: integral proteins that protrude all 
the way through the membrane and peripheral proteins that are attached only to one 
surface of the membrane and do not penetrate.  Many of the integral proteins provide 
structural channels (or pores) through which water molecules and water-soluble 
substances, especially ions, can diffuse between the extracellular and intracellular 
fluid (9) (47).  
 
2.6.3 Mechanism of Gigaseal Formation  
 
After applying suction the membrane patch usually moves 5-100 µm down the inside 
of the pipette (25), (50), (51), (52).  In order to explain the mechanisms of seal 
formation it is important to find out how do membrane patches form in pipettes and 
which elements of them are contributed in seal formation.  Seals form readily 
between electrodes and many types of cells in various physiological and 
developmental states.  Such cells have quite different extracellular matrix elements 
and densities.  Furthermore, seals form readily and in an apparently normal fashion 
between glass electrodes and pure phospholipid membranes of defined composition.  
The seal interaction seems to be directly between the glass and the lipid bilayer and 
seems not to involve integral membrane proteins to the extracellular matrix.  In fact 
these elements probably are detrimental to seal formation (47) (53).  
 
There have been many studies on the formation of membrane patches inside pipettes 
using different techniques such as optical or electron microscopy (51), (52), (53), 
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(54), (55), (56), (57).  The patch and pipette tip are at the limits of resolution of the 
optical microscope.  Only rarely it is possible to see the membrane patch during the 
experiment and even then quantitative evaluation of its size is impossible or difficult 
(6).  Milton et al have studied seal formation of pipettes with openings around 10 µm 
which is almost 10 times  the size of pipettes used in patch clamping.  In their 
experiments they could reach to resistances as high as 100 MΩ and claimed that this 
is equivalent of gigaseal when doing experiments with normal patch clamping 
pipettes (55).  Figure 2.17 shows the sequence of patch formation in their 
experiments.  
 
 
Figure 2.17 Chronological sequence of bleb formation in an enzymatically dissociated single fibre 
from the mouse flexor digitorum brevis muscle. (a) Upon application of suction, the membrane 
bulged into the pipette. (b) A bleb appeared abruptly at the rim of the pipette and was almost 
immediately several micrometres in diameter. (c) Enlargement of the bleb. (d) Sometimes the 
connection with the cell became a thin tether. The scale bar in d is 10 µm and applies to a-d. The 
pipette was bent to approach the cell parallel to the cover glass; this view allowed the bleb to be in the 
same focal plane as the fibre during the formation and growth of the bleb (55).  
 
a b
c d
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They have suggested that two models can be assumed for patch formation:  
1- Native membrane model and  
2- Lipid bleb model 
These two models are shown in figure 2.18. 
 
Figure 2.18 Two models for tight patch formation, native membrane model and lipid bleb model (55).  
 
The native membrane model assumes that the surface membrane is distended and 
forms a seal with the pipette.  The lipid bleb model assumes that suction produces a 
drop in pressure outside the membrane due to fluid flow (a Bernoulli effect) which is 
greatest under the pipette rim.  In addition to the distension of the entire patch, tiny 
bulges are assumed to occur under the pipette rim where attachments to the 
cytoskeleton or extracellular matrix are relatively sparse.  This bulging creates a 
shear stress in the membrane at the edges of the bulge.  When a critical value of 
shear stress is reached, a phase separation occurs with phospholipids and highly 
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mobile membrane proteins flowing into the region of the bulge and forming a bleb.  
The bleb almost immediately becomes over a micrometre in diameter (Figure 2.17 b) 
and would form a gigaseal in a small pipette.  These bleb membranes tend to have 
much higher lipid content than a normal surface membrane, with lipid to protein 
weight ratio of 20:1.  This is in good agreement with the fact that seals form readily 
between electrodes and many types of cells.  The bleb is also believed to have less 
connection with underlying cytoskeleton (figure 2.19) which explains the higher 
protein motility in blebs (55).  
 
FIGURE 2.19 Aspiration of membrane into pipette. a) Schematic of the first step in an aspiration of 
membrane into pipette, the formation of a tight seal between pipette and plasma membrane. b) If the 
suction pressure exceeds the threshold value, a fracture is assumed to occur between lipid bilayer and 
the underlying actin cortex, including a partial disruption of the latter (58). 
 
Applying higher suction increases the patch area which is because of a flow of lipid 
(with perhaps small amounts of diffusible protein) along the walls of the pipette into 
the patch.  Using video microscopy as well as capacitance measurements Sokabe et 
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al. (1991) demonstrated that the area of a membrane patch in a pipette increases up 
to 10% following the application of suction pressures of up to 3.0 kPa.  As this area 
increase is considerably larger than the 2% elastic limit of lipid membranes, they 
ruled out membrane stretching as the source of the area change.  Capacitance 
measurements confirmed that the area increase in their video images was the result 
of a net increase in the amount of material comprising the patch, an increase which 
they interpreted as evidence for pressure-induced free flow of lipid from the cell into 
the patch of membrane (52).  Lorinda et al have argued that the increase of patch 
area is not because of the free flow of lipid and is the result of membrane pulling 
away from the interface of lipid and glass to establish force equilibrium.  However 
even in their model, a seal forms between lipid and glass (53).  
 
Gigaseal forms gradually and this suggests that the seal has distributed resistance 
rather than a local spot weld (54).  Ruknudin et al have studied membrane patches 
inside pipettes using high voltage electron microscopy.  In their experiments patches 
were formed between 5 to 20 µm from the tip.  Figure 2.20 shows an electron 
microscopy image of a patch inside a pipette.  Although they couldn’t measure the 
distance between the membrane and the pipette because of the thick wall of the 
pipette , they found out that the seal is a distributed rather than a discrete structure.  
In nearly all of their experiments the interior of the pipette walls were covered with 
membrane (51).  
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Figure 2.20 Dark-field image of a patch from chick skeletal myotube. The cell was labelled with Con 
A followed by HRP-gold (15 nm) before the patch was made.  Note the classical Ω shape.  The gold 
particles are seen as white dots (arrowheads show representative particles) coating the interior walls 
of the pipette up to the dome.  Arrow shows shreds of membrane with adhering cytoplasm that stick 
to the outside of the patch pipette after excision.  Above the dome is a dense amorphous material that 
is probably extracellular matrix. Bar, 0.5 µm (51). 
Although the membrane and glass are in close opposition in the distributed area of 
the seal, they do not adhere directly to each other.  The extracellular matrix normally 
extends tens of nanometres beyond the membrane and even membrane proteins 
extend several nanometres beyond the lipid bilayer (55).  Some membrane proteins 
like acetylcholine receptors (AChRs) protrude >5 nm above the bilayer (57), so that 
the local phospholipids are prevented from reaching the glass.  As a result there is a 
thin layer of water several molecules thick between lipid bilayer and glass (50).  This 
layer of water acts as lubrication and enables the formation of gigaseals by allowing 
the membrane to flow up the inner surface of the glass pipette (50).  However 
membrane proteins denature against the glass and can pull the adjacent membrane 
closer to the glass causing the seal to progress like a zipper (Figure 2.21) (57).  
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Figure 2.21 Cartoon of patch structure.  The patch has three distinct regions:  the dome (the 
characteristic patch of membrane that spans the pipette), the gigaseal between the membrane and the 
glass that is a cylindrical annulus containing saline and extracellular matrix, and the cytoskeleton that 
forms a porous matrix behind the dome.  A patch consists of a shell of cell cortex (red) containing the 
bilayer that surrounds a plug of cytoplasm (green).  The space between the bilayer and the glass is 
called the gigaseal (yellow and white).  It contains fixed charges (nominally negative) attached to both 
the membrane and the glass.  Proteins sticking far from the bilayer are denatured against the glass 
(black).  Ion channels (blue) that may be mobile and functional are distributed in varying density 
throughout the dome and the seal (57). 
 
Estimating the distance of separation between the glass and lipid bilayer can help to 
obtain some clues about the nature of interactions between the elements involved.  
The resistance per unit length of membrane/glass contact is very high which is the 
reason that the area of contact between the glass and membrane may be varied 
without affecting the gigaseal resistance (59).  The high resistance of the seals 
suggests that the approach of glass to the membrane in the area of the seal is in 
molecular dimensions ≤ 1-2 nm (50).  This close opposition cannot be obtained 
between lipid bilayer and glass in the presence of integral proteins.  Suchyna et al 
showed that there is a 1-2 µm region of the seal below the patch dome where 
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proteins are excluded and this may consist of extracted lipids that form the gigaseal 
(Figure 2.22) (57).  This model is consistent with most of the research described 
earlier.  First, the seal is between lipid and glass, second, the seal is distributed and is 
not concentred at a point, and third the seal happens gradually due to the 
denaturation of membrane proteins. Considering the structure of the membrane and 
glass surfaces, and the small difference of separation, four sources of interaction can 
be identified that should participate in the glass-bilayer seal.  The first is ionic bonds 
between positive charges on the membrane and negative charges on the surface.  The 
second is hydrogen bonds between nitrogen or oxygen atoms in the phospholipids 
and oxygen atoms on the glass surface.  A third interaction involves divalent ions 
such as Ca2+, which can form salt bridges between negatively charged groups on 
glass and membrane surfaces.  Finally the close approach of the glass to the bilayer 
surface should permit van der Waals’ forces to operate.  All four of these interactions 
must occur, and the precise order of importance of each of them is not known.  
Experience has shown that seals sometimes form much more easily in the presence 
of high divalent ion concentrations.  These observations suggest the importance of 
salt bridges.  Charge-charge interactions appear not to be dominant, since the glass 
that has been modified with an appropriate silane to give a positive surface charge 
seems not to seal onto cell membranes (47).  The primary attractive force for the 
gigaseal seems to be van der Waals’ attractions. Van der Waals interactions are not a 
chemically specific force and apply to glass, proteins, polysaccharides and lipids 
(57).  Presumably the seal is formed by a combination of these four forces, with salt 
bridges, hydrogen bonds and van der Waals’ forces being especially important. 
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Figure 2.22 A cartoon of a patch that showing the channel free “exclusion band” below the dome that 
may be the basis of the gigaseal (57). 
 
2.6.4 Important Factors in Gigaseal Formation 
 
A gigaseal in patch clamping will produce improved signal-to-noise ratio and 
enables ion channel signal measurement to be more accurate.  Currently, the 
formation of a gigaseal in patch clamping occurs in a sudden and all-or-nothing way.  
A large number of parameters affect the seal formation, making it hard to understand 
the physical and chemical mechanisms behind it.  Although the exact physics behind 
the gigaseal formation is not clear yet, some important factors have been observed.  
In this section these factors are summarized. 
 
The dome 
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2.6.4.1 Cleanliness 
 
Cleanliness of glass micropipette and plasma membrane is the most important factor 
in gigaseal formation which has been emphasized in the literature (6), (20), (24).  
The crux of a successful seal is that the cell membrane is reached without damage to, 
or contamination of, the pipette tip and that the contact with the membrane is full and 
even, therefore there are many considerations to protect pipette from contamination.  
It is well known that once a cell (or debris in the solution) seals to the tip of a glass 
pipette or to the aperture of a planar patch-clamp device, a residue, which is very 
difficult to remove, will stay at the hole and prevent the subsequent formation of 
another gigaseal.  Therefore a positive pressure on the pipette fluid is required to 
keep the tip from contamination by debris in the bath.  In conventional patch 
clamping before lowering the pipette into the bathing solution, there must be a slight 
pressure on the pipette fluid to blow any contaminations in the bathing solutions 
away from the pipette tip.  These contaminations often gather in the bathing solution 
at the fluid-air interface, so pressure must be on before this is crossed (5).  The patch 
pipette should be made and used immediately to reduce tip contamination and 
subsequent bad sealing properties. 
 
2.6.4.2 Roughness 
 
Roughness is a very important factor in gigaseal formation (2), (4), (60).  A rough 
and sharp pipette can easily destroy the cell.  The last pulling cycle in the pipette 
pulling process is a cold pull which results  in a sharp tip with jagged edges.  Fire 
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polishing is used usually to produce a soft and smooth tip (61), (62).  Fire polishing 
also increases the probability of contamination because of a blunting effect on the 
tip.  In planar patch clamping, processes used to fabricate chips were carefully 
selected or modified to produce a smooth patching site (2), (4), (11), (24), (60).  The 
effect of roughness on gigaseal formation is the subject of the third chapter.  
 
2.6.4.3 Hydrophilicity 
 
Hydrophilicity of the patching site is another important issue in seal formation (35).  
The hydrophilic cell membrane will not spontaneously interact with the hydrophobic 
surface in a way to form gigaseals.  Different treatment methods were used in the 
literature to increase the hydrophilicity of the patching site.  The effect of 
hydrophilicity on gigaseal formation is the subject of Chapter 4.  
 
2.6.4.4 Tip Size 
 
It is a practical knowledge that pipettes with a smaller opening form a better seal and 
lower leakage current.  In planar patch clamping tip size has been decreased to 
increase the seal resistance (22), (33), (63), (64).  One also should notice that 
decreasing the tip size will also decrease the chance of having ion channels in the 
patch, and it is also more difficult to rupture the membrane to obtain whole cell 
configuration.  The effect of tip size on gigaseal formation is discussed in Chapter 5. 
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2.6.4.5 Roundness  
 
Roundedness is the next important factor in gigaseal formation.  The patching site 
should have a circular aperture (2), (4), (24), (27), (60).  Lau et al show that higher 
resistances can be achieved by more rounded apertures (27).  Roundness of glass 
micropipettes is measured using the nanotomography technique and results are 
presented in Chapter 6.  
 
2.6.4.6 Other Factors 
 
There are some other factors that are important in gigaseal formation, such as:  
biological condition of the cell, PH and presence of divalent ions (50), experience 
and patience of operator etc.  
 
2.7  Summary  
 
This chapter discusses current research status and the necessity to study gigaseal 
formation mechanisms to be able to develop high throughput patch clamp 
measurement devices.  The conventional patch clamp technique and its different 
configurations have been reviewed in Section 2.3.  Attempts to improve the 
technique including automation of conventional patch clamping, planar and lateral 
patch clamping, are discussed in section 2.4.  It has been shown that while 
convectional patch clamping doesn’t have the desired throughput required in 
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pharmaceutical industries it results in better data quality.  Planar and lateral patch 
clamping have lower data quality and higher throughput.  The main advantages, 
disadvantages and comments of every kind of patch clamping are reported in section 
2.5.  Planar and lateral patch clamping systems took the advantages of 
microfabrication techniques, microfluidics and nanotechnology and overcome many 
of the difficulties of conventional patch clamping. However the low seal resistances 
of planar and lateral patch clamping systems have prevented them from becoming an 
absolute alternative to the conventional technique.  Due to its superior data quality, it 
is  conventional patch clamping that has become the gold standard for ion channel 
studies.  Based on the comparison of different kinds of patch clamping it can be 
concluded that, gigaseal formation is the bottleneck in developing high throughput 
systems capable of producing high quality recordings.  Therefore in-depth studies on 
the physical and chemical mechanism behind the gigaseal formation are needed to be 
able to develop such systems.  The molecular structure of glass and cell membrane, 
the interactions and forces between them and the mechanisms of gigaseal formation 
are presented in Section 2.6.  The review reported in this chapter has a considerable 
influence on the direction of this research.  The most important factors in gigaseal 
formation are selected for further studies. 
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CHAPTER 3:  EFFECT OF ROUGHNESS ON 
GIGASEAL FORMATION 
3  
3.1  Introduction 
 
Surface roughness of pipettes is one of the most important factors in gigaseal 
formation and its effect has been emphasized by various researchers (2), (4), (11), 
(24), (60).  A rough pipette tip in conventional patch clamping or patching site in 
planar patch clamping can easily destroy the cell.  In this chapter the effect of 
roughness on gigaseal formation has been studied.  The fabrication process of glass 
micropipettes is introduced in section 3.2.  In conventional patch clamping pipettes 
are fabricated in a heating and pulling process.  The last pulling step in the pipette 
pulling process is the cold pull which results in a sharp tip with jagged edges.  
Pipette roughness is measured using Scanning Electron Microscope (SEM) 
stereoscopic technique (section 3.3).  Focused ion beam (FIB) milling has been used 
to polish pipette tips and produce a smooth surface.  This has been discussed in 
section 3.4.  Patch clamping experiments were carried out using conventional and 
polished pipettes.  Seal values were recorded for both kinds of pipettes and results 
were compared to observe the effect of roughness (section 3.5).  Finite element 
modelling was carried out to further investigate the effect of roughness.  Results of 
the modelling are in agreement with the experimental results and could explain the 
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better performance of FIB polished pipettes (section 3.6).  Finally the chapter is 
summarized in section 3.7. 
3.2  Glass Micropipette Fabrication 
 
Consistent terminology is required when one discusses micropipettes.  To avoid 
confusion, some terms used in this thesis relating to micropipette terminology are 
described here (see figure 3.1): 
Tip is the very end of the pipette. 
Tip size is the inner diameter of the pipette tip. 
Shank is the tapered segment of the pipette. 
Shaft is the straight portion of the capillary tubing.  
 
Figure 3.1 Schematic shows different areas of glass micropipette. 
Glass micropipettes are fabricated with a heating and pulling process using a puller 
machine.  The glass tube is heated and pulled while it is softened.  The process is 
repeated in several stages until the tube is pulled apart.  The connection is then 
broken by a final hard pull.  To have better control of the process the last pull takes 
Shaft
Shank 
Tip 
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place while the glass is cold and therefore it is called hard pull (65).  The glass 
micropipettes used in the experiments were made of borosilicate glass pipes with an 
outer diameter of 1.5 mm and an inner diameter of 0.86 mm (BF150-86-10 Sutter 
Instrument, Novato, CA).  They were heated and pulled with a flaming/brown 
micropipette puller machine (Model P-97, Sutter Instrument, Novato, CA) (figure 
3.2).  The filament of the puller machine was FB230B (2.0 mm square box filament, 
3.0 mm wide, Sutter Instrument).  
 
Figure 3.2 Flaming/brown micropipette puller machine, Model P-97, Sutter Instruments (66). 
 
A typical PULL CYCLE is described below (see figure 3.3) : 
 The heat turns on. 
 The glass heats up and a weak pull draws the glass out until it reaches the 
programmed velocity. 
 When the programmed velocity has been reached, the heat turns off and the 
air is turned on. 
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 If DELAY is >0 the air is activated for 300ms and the hard pull is activated 
after the specified DELAY. 
 
Figure 3.3 A typical pull cycle in a program of a puller machine (65).  There are two cooling 
parameters:  delay and time.  This illustration represents the pulling cycle when delay is active.  For 
details on glass micropipette pulling and on the definition of each parameter see section 6.3. 
 
3.3 Measurement of Roughness 
 
Hard pull results in a sharp tip with jagged edges.  High magnification Scanning 
Electron Microscope (SEM) images revealed the surface nature of the pipette tip to 
be in contact with cells (figure 3.4).  The first step in investigating the effect of 
roughness on gigaseal formation is measuring the pipette roughness.  This measuring 
will give a clue about the size of the roughness and how comparable it is with those 
sizes of cell and its components. 
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Figure 3.4 An SEM image of a glass micropipette.  The tip has a rough surface which is a result of 
hard pull in the pipette fabrication process. The arrow shows an internal fibre called Omega Dot 
which is being used to facilitate the filling of micropipette tips (See section 6.5.1for more details).  
One of the challenges of working with glass micropipettes is their fragility.  From 
the patch clamping to microinjection applications, they could have a tip diameter of a 
few hundreds of nanometres to a couple of micrometers and a shank of several 
millimetres to a couple of centimetres.  This makes micropipettes very fragile and 
less manoeuvrable.  Special care should be taken into account when working with 
micropipettes.  As a result, a non-contact roughness measuring method is needed for 
measuring the surface roughness properties of micropipettes and the SEM 
stereoscopic technique is selected for this purpose. 
  
3.3.1 SEM Stereoscopic Technique 
 
The process of scanning a specimen in the scanning electron microscope effectively 
projects the three-dimensional surface onto a two-dimensional image plane (67).  To 
determine the three dimensional structure of pipette tips, the SEM stereoscopic 
technique is used (68), (69), (70).  The stereoscopic technique scans the same area of 
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the object from different angles by tilting the object with respect to the fixed optic 
axis.  Surface features in different heights have different lateral displacements and 
depth can be calculated by measuring the parallax movement of features from their 
location in the first image, to the new location in the second image (71).  For 
mathematical calculations of obtaining depth from two SEM images see appendix A.  
 
In practice capturing SEM stereo images could be challenging.  The quality of 
images is very important in the calculation of accurate 3D data.  Many factors should 
be taken into account to capture SEM images which satisfy stereoscopic technique 
requirements, such as (67) : 
 Illumination:  capture images under optimal illumination.  The image 
shouldn’t be too dark or too bright.  
 Sharpness:  always capture images with maximum sharpness. 
 Eucentric tilting:  the object should be tilted in an eucentric way.  This means 
that the tilting axis has to be in the middle of the surface.  
 Disparity:  The software package used here (MeX) calculates the depth image 
based on the disparity in the stereo image.  A large height change in relation 
to the image diagonal provides better results.  Disparity can be increased by 
higher magnification and higher tilting angle.  
 Voltage:  the voltage of the electron beam should be well-chosen (the usual 
range is between 5 to 15 kV).  If the chosen electron beam voltage is too high 
then it is possible for the electron beam to intrude into the surface of the 
object, so that details which lie inside the object are also received.  This 
circumstance would lead to a wrong reconstruction of the surface.  
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To capture high quality SEM images which satisfy stereoscopic technique 
requirements, glass µ-pipettes were coated with a thin layer of platinum (<5 nm).  
The machine used for capturing SEM images was FEI dual beam focused ion beam 
system (FEI, Hillsboro, Oregon).  Figure 3.5 shows the position of pipettes and 
electron beam gun with respect to each other.  
 
 
Figure 3.5 Schematic of the configuration of SEM with respect to pipettes and tilting angle (). 
 
Three SEM images were taken from different angles by tilting the stage with respect 
to the electron beam direction.  Figures 3.6 (a) to (c) show the SEM images taken 
from the left, middle and right viewpoints of the pipette.  The tilting angle between 
(a-b) and (b-c) of the images is 9 degrees. 
Ion beam column  
Electron beam column 
α 
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Figure 3.6 Stereo images of the pipette tip for 3D reconstruction; (a) left, (b) middle and (c) right.  
 
The three SEM images were imported to the MeX software (a software package 
specialized in 3D reconstruction from SEM images) (72) and the digital elevation 
model of the tip is obtained.  Figure 3.7 shows the 3D reconstructed surface of the 
pipette tip.  
 
a b 
c 
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Figure 3.7 A 3D reconstructed surface of the pipette tip shown at different viewing angles; top view 
(middle), the exploded view of the area showed by dash-line (left), view with an angle (right). 
 
Table 3.1 shows surface parameters of the 3D reconstructed pipettes with different 
sizes.   
Table 3.1 Surface parameters of pipette tip for 3 pipettes (Dt= tip diameter). 
 
Name Value 
Dt=2.2µm 
Value 
Dt=1.7µm 
Value 
Dt=1.4µm 
Description 
Sa 27.3 nm 17.8 nm 8.3 nm Average height of selected area 
Sq 34.6 nm 13.0 nm 10.8 nm Root-mean-square height of selected area 
Sp 104.0 nm 81.5 nm 46.6 nm Maximum peak of selected area 
Sv 150.8 nm 125.5 nm 60.8 nm Maximum valley depth of selected area 
Sz 255.8 nm 207.1 nm 107.5 nm Maximum height of selected area 
S10z 195.2 nm 142.2 nm 88.5 nm Ten point height of selected area 
Ssk -0.225 -0.4857 -0.7099 Skewness of selected area 
Sku 3.2623 3.7725 4.5173 Kurtosis of selected area 
Sdq 0.8774 0.9814 0.8289 Root mean square gradient 
Sdr 34.986% 45.575% 32.61% Developed interfacial area ratio 
 
 
To have the highest lateral and vertical resolution in the 3D reconstructed surface, 
magnification, tilting angle and resolution should be as high as possible when 
capturing SEM images.  Since the maximum pixel resolution of the machine is 
limited, different magnifications and tilting angles have been used to reconstruct 
every pipette’s tip with the highest possible resolution.  Such a reconstruction could 
be expected to have the inaccuracy of less than 5% (71).  Table 3.2 gives the values 
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of tip diameter, tilting angle, magnification, lateral resolution and vertical resolution 
of the several 3D reconstructed pipettes.  
Table 3.2 Reconstruction information for 3 pipettes 
 
Pipette number Tip Diameter 
(µm) 
Tilting angle 
(left to right) 
Magnification Lateral 
Resolution 
Vertical 
Resolution 
1 2.2 10 65000 18.4 nm 18.4 nm 
2 1.7 10 95000 6.2 nm 11.2 nm 
3 1.4 10 110000 5.3 nm 7.7 nm 
 
3.4  Polishing Pipette Tips by Focused Ion Beam Milling  
 
As it can be understood from Table 3.1, the surface roughness of the pipette tip is 
comparable with the thickness of the cell membrane which is 3 to 10 nm (9), (73), 
(74), (75).  In order to study the effect of roughness on gigaseal formation two kinds 
of pipettes with distinct surface properties are required; rough pipettes (which are 
pipettes normally pulled by a pulling and heating process) and perfectly smooth 
pipettes.  Focused ion beam (FIB) milling was used to produce pipettes with ideal tip 
surface conditions.  The uneven surface of the pipette tip was corrected by cutting 
the top of the pipette across using FEI dual FIB system.  The configuration of the 
pipette with respect to the ion beam is illustrated in figure 3.8.  
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Figure 3.8 The configuration of glass micropipette milling in the SEM/FIB chamber.  The stage was 
tilted by 52 degrees so that the ion beam was perpendicular to the pipettes. 
 
Due to the conic shape of the pipette, cutting the tip changes the tip size, which is an 
important factor in patch clamping as it determines the pipette resistance (4), (5), 
(20).  It is also well known that a gigaseal is not likely to be achieved with big tip 
sizes (22), (33), (47), (63), (64) (see Chapter 5).  So care was taken not to cut more 
than 1 m from the top.  Since the roughness of the tip of the pipette was in 
nanometres cutting 1 m from the top should be sufficient to remove all rough edges 
without increasing the tip size significantly.  In the FIB milling process, the pipettes’ 
tips were cut using Ga+ ions with 50 pA current for 100 seconds, dwell time of 1s 
and FIB acceleration voltage of 30 kV.  The pipette before and after milling is shown 
in figure 3.9.  The image of the milled pipette, shown in figure 3.9 b, has a resolution 
of 4.5 nm.  No feature could be identified on the milled surface for producing 
roughness parameters at this magnification.  Therefore, the average surface area 
roughness (Sa) of the milled pipette tip should be well less than 4.5 nm. 
SEM
FIB 
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Figure 3.9 A micro glass pipette before milling (a), the pipette after the milling (b).  No surface 
roughness could be identified after milling, so the surface roughness should be smaller than the 
resolution of the SEM image, which is 4.5nm. 
 
As it is mentioned in Chapter 2, an important step after pipette pulling is fire 
polishing.  We call the process of FIB milling the pipette, “FIB polishing” in 
comparison with the “fire polishing method”.  FIB polishing has some advantages 
over fire polishing.  Firstly, there is more control on the polishing process using FIB, 
secondly, fire polishing has a blunting effect on the tip, which increases the 
contamination probability and thirdly, FIB polishing doesn’t change sharpness of 
pipette which facilitates the pipette travelling through tissues to desired cells.  
 
3.5 Patch Clamping Experiments 
 
To investigate the effect of the roughness of pipette tips, patch clamp experiments 
were carried out with polished and conventional pipettes under the same conditions 
and the results were compared.  Human Embryonic Kidney (HEK) cells were 
utilized to investigate the performance of the FIB polished micropipettes in 
1.4 µm b a 
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achieving giga-ohm seals.  The cells were cultured on cover slips in HEK cells 
medium, two to three days before the experiment and incubation was done at 37ºC.  
The medium has three components: 
1. DMEM (Dulbecco's Modified Eagle's medium) 89% 
2. FBS (Fetal bovine serum) 10% 
3. PS (Penicillin Streptomycin) 1%. 
 
At the time of the experiments, the confluence of the cells was over 80% and all the 
cells were firmly attached to the bottom of the cover slips.  During the experiments, 
an individual cover slip was directly taken out from the incubator and sited in the 
recording chamber.  The backfilling solution (pipette solution) was composed of 40 
mM KCl, 96 mM K-gluconate, 4 mM K2ATP, 2 mM GTP, 10 mM HEPE and at 7.2 
in pH, and the bath solution was composed of 110 mM NaCl, 5 mM KCl, 1 mM 
MgCl2, 1 mM CaCl2, 5 mM HEPEs, 5 mM HEPE–Na, and at 7.2 in pH.  
 
The experimental equipment setup consisted of an Axon multiclamp 700B 
microelectrode amplifier (Axon Instruments, Union City, CA), Flaming/Brown 
micropipette puller (Model P-97, Sutter Instrument) and glass micropipettes (BF150-
86-10, Sutter Instrument).  The puller machine was set to produce pipettes with 
approximately 1.5 m in tip diameter.  When there was no contact between the 
recording pipette and the cell membrane, the total pipette resistance ranged from 6.0 
to 6.5 MΩ.  A 10 mV pulse was constantly applied on the recording electrode from 
the time that the pipette tip was just immersed in the bath solution till it touched the 
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cell membrane.  A negative pressure was immediately applied to the pipette and then 
the voltage pulse was raised to 60 mV to monitor the seal resistance precisely (figure 
3.10).  
 
Figure 3.10 Schematic and real image of the pipette with respect to the cell at the moment of applying 
suction. 
 
Ten recordings were obtained for each type of pipette.  Seal resistances are shown in 
figure 3.11.  With the FIB polished pipettes, above 3 Giga ohm seals were achieved 
in most attempts and the highest seal resistance reached 9 GΩ.  The mean value of 
seal resistances is 4.7 GΩ with the standard deviation of 1.8 GΩ.  In comparison, the 
seal resistances achieved using the conventional pipettes were usually between 1.0 to 
2.0 GΩ.  The seal resistance could reach 3 GΩ in some excellent cases.  The mean 
value of seal resistances is 1.6 GΩ with the standard deviation of 0.6 GΩ. 
Rec. electrode Pipette solution ..... 
Bath solution - - - -  Pipette  
Cell 
Seal 
Ref. Electrode  
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Figure 3.11 Seal values for conventional and polished pipettes.  
 
FIB polished pipettes formed significantly better seals which made it possible to 
measure single ion channel currents with considerably lower noise.  Single-channel 
currents recorded from conventional and polished pipettes are shown in figures 3.12 
and 3.13. 
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Figure 3.12 Single channel recording from HEK cells with conventional pipettes. the leakage current 
is 2.1 pA. 
 
Figure 3.13 Single channel recording from HEK cells with polished pipettes.  The improved patch 
clamping performance with polished pipettes is obtained from better contact conditions of the 
smoother tip surface with membrane.  The leakage current is 0.3 pA, significantly smaller than current 
for conventional pipettes.  
Higher seal resistance for polished pipettes could be explained by their better sealing 
potential.  The ultimately smooth and flat surface of the polished pipette tip leaves 
no concave area to hold water, as opposed to conventional pipettes, as illustrated in 
figure (3.14).  Contact area between pipette tip and cell membrane is higher for 
polished pipettes and since there are no peaks or spikes, the membrane can get closer 
to the tip.  As a result it is more difficult for ions to escape from glass-membrane 
distance and higher seals are achievable.  This also implies that the cell cannot fill 
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the valleys of the rough surface of the conventional pipettes perfectly, which could 
be possibly the reason for reports on lower seal resistance with rough surfaces in the 
literature.  
 
Figure 3.14 Schematic of pipette-membrane interaction:  (a) the original pipette tip with a bumpy 
surface (b) the tip is flat.  
 
3.6 Finite Element Modelling 
 
Finite element modelling is carried out to study the effect of pipette tip roughness on 
gigaseal formation.  How the cell deforms under the rough tip of a pipette has 
significant importance in gigaseal formation.  If the membrane can fill cavities of the 
rough tip then higher seal resistances are expected due to the higher contact area 
between the rough pipette and the cell membrane.  However if the membrane cannot 
fill the cavities then the area between two peaks acts like a conductive channel which 
Cell
Pipette 
(a) Conventional 
(b) Polished 
Membrane 
Conductive 
Pipette tip 
Chapter 3                                                     Effect of roughness on gigaseal formation 
67 
 
connects the inside of the pipette to the outside.  FE modelling was carried out using 
Abaqus/CAE software (76).  For the modelling the real profile of a patch clamp 
pipette tip and the way the pipette approaches the cell are required. 
 
3.6.1 Patch Clamp Manipulators  
 
Patch clamping involves the placement of a glass micropipette onto a cell to form a 
tight seal. The core function of a micromanipulator in patch clamping set-up is to 
place the micropipette tip onto the cell surface in a controlled way.  The manipulator 
used in the experiments is MP-225 from Sutter Instruments (figure 3.15), which has 
a minimal resolution of 62.5 nm for fine movements.  As a result the pipette 
approaches the cell in a step of 62.5 nm.  This implies that when a contact is made, 
the pipette tip is just on the cell surface or presses the cell within tens of nanometres.  
If the pipette continues its movement, it may penetrate or rupture the cell membrane.  
Figure 3.16 shows the right moment of applying suction. 
 
Figure 3.15 MP-225 micromanipulator from Sutter Instruments (66). 
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Figure 3.16 Approach of pipette to the cell. The approaches the cell by steps of as long as manipulator 
resolution. (a) The pipette is far from the membrane, (b) the pipette is on the membrane; this is the 
best position to apply suction and (c) the pipette presses the membrane by few tens of nanometres; 
this is the usually occurred case in patch clamping. 
 
In practice the relative position of tip to membrane is estimated by monitoring the 
change of electrical resistance between the two electrodes.  As the pipette comes 
closer to the membrane the resistance increases; usually an increase of about 1 MΩ 
indicates that the tip has touched the membrane (5).  It is not recommended to reach 
a resistance 1.5 times higher than the pipette resistance as it stresses the membrane 
and contaminates the tip which is fatal for gigaseal formation.  In finite element 
modelling, once in contact, the pipette is lowered by 500 nm and the suction is then 
applied. 
 
3.6.2 Pipette Tip Profile  
 
Figure 3.17 shows the digital elevation model image of the pipette used in FE 
modelling with four different profiles (numbered 1–4) of the tip surface along its 
thickness.  The specifications of the profiles are given in Table 3.3.  In order for the 
a
b c 
Membrane 
Movement direction by 
steps of 62.5 nm 
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modelled pipette to have the real tip profile of the glass micropipette, coordinates of 
each profile are extracted and a B-spline is drawn through these points in CATIA.  
The splines are then transferred to ABAQUS/CAE for finite element simulation.  
The inner and outer diameters of the pipette tip are 0.7 µm and 1 µm, respectively.  
As can be seen in figure 3.17, there is a large variation in the surface morphology of 
the tip pipette across its thickness.  This increases the chance of ion escape and 
compromises the formation of high resistance seals. 
 
 
Figure 3.17 Four different profiles of the tip surface across the thickness are shown.  The large 
variation of surface morphology compromises the formation of a high resistance seal.  
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Table 3.3 Profile parameters of 4 different profiles. 
 
Profile  No.1 No.2 No.3 No.4 Description 
Pa 4.0 nm 6.2 nm 2.1nm 4.8 nm Average height of profile 
Pq 4.8 nm 7.8 nm 2.3nm 6.2 nm Root-mean-square height of profile 
Pt 22.1 nm 34.0 nm 9.2 nm 29.2 nm Maximum peak to valley height of 
primary profile 
Pz 13.0 nm 12.4 nm 5.5 nm 12.6 nm Mean peak to valley height of 
primary profile 
Pmax 18.4 nm 20.8 nm 6.7 nm 16.5 nm Maximum peak to valley height of 
primary profile within a sampling 
length 
Pp 8.7 nm 14.7 nm 4.8 nm 16.3 nm Maximum peak height of primary 
profile 
Pv 13.4 nm 19.3 nm 4.4 nm 12.9 nm Maximum valley height of primary 
profile 
Pc 14.8 nm 26.1 nm 5.4 nm 19.7 nm Mean height of profile irregularities 
of primary profile 
Psm 92.7 nm 150.54 
nm 
49.7nm 76.6 nm Mean spacing of profile irregularities 
of primary profile 
Psk -0.741 -0.2124  0.08  0.1866 Skewness of primary profile 
Pku 2.4831 2.5544  2.272 3.0219 Kurtosis of primary profile 
Pdq 0.4716 0.6446  0.279 0.5801 Root-mean-square slope of primary 
profile 
 
3.6.3 Finite Element Modelling of Patch Clamping 
 
There are three elements in this modelling:  the glass micropipette, substrate and the 
cell.  The pipette and substrate are modelled as 2D elastic solid bodies.  Different 
pipette tip profiles are used in the modelling. 
 
Two different mechanical models can be applied to cells, and either one allows the 
simulation of cellular deformations in response to micropipette aspiration in which 
the cell is sucked into the micropipette by applying negative pressure.  The first one 
describes cells as having a solid membrane and liquid core and has been used to 
model the aspiration of cells with little or no cytoskeleton (such as red blood cells or 
unattached leukocytes) into micropipettes.  The second one describes cells spread on 
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a substrate (which is the case in patch clamping) with a well developed cytoskeleton 
as being elastic solids, and has been applied to the aspiration of cells into 
micropipettes (73), (77), (78), (79).  Cells can be modelled as continuum media if the 
smallest operative length scale of interest is significantly larger than the distance 
over which cellular structure or properties may vary (80), (81).  A cell is a very 
complex organized system.  Its principal structural elements are the cytoplasm, the 
membrane and various organelles of which the most prominent is the nucleus (77), 
(78), (82).  In the theoretical models, the system is simplified.  Here, the cell is 
modelled as a continuous, homogeneous, incompressible, isotropic and hyperelastic 
solid attached to the substrate.  The cell consists of two parts:  the cytoplasm and 
membrane.  Table 3.4 gives material properties of cell membrane and cytoplasm. 
The material properties of cytoplasm and membrane used in this modelling are:  
Ec=1000 Pa , νc=0.5 , ρc=1000 kg/m3 , Em=100 Mpa , νm = 0.3, ρm =1150 kg/m3. 
 
Table 3.4 Material properties of cytoplasm and membrane.  
 
 Young modulus (E)  Poisson’s ratio (ν) Density (ρ) kg/m3  
Cytoplasm 75-2500 Pa (78), (79), (75), (83) 0.5 (74), (78), (84)  1000 (74), (75), (85) 
Membrane 100-140 MPa (75), (74) 0.3-0.5 (74), (75), (73)  1150 (75) 
 
Since the physical combination of the pipette and cell is completely symmetric, a 2D 
axisymmetric model is employed instead of using a huge 3D model with a large 
number of nodes and elements.  The cytoplasm is modelled as a semicircle meshed 
with 4-node bilinear axisymmetric quadrilateral elements.  The plasma membrane is 
modelled as a thin elastic shell.  Dimensions and boundary conditions are shown in 
figure 3.18.  In the finite element simulation the pipette is lowered for 500 nm and 
then the suction is applied to the inside of the pipette.  The membrane is tethered to 
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the cytoplasm using a tie constraint.  Contact between pipette and cell is considered 
frictionless.  
 
Figure 3.18 Dimensions and boundary conditions used in the FE modelling.  Nodes on the symmetry 
axis are prevented from movement in X direction and rotation around Z axis.  The substrate is not 
allowed to have any movement in any direction.  
 
The result of the finite element modelling is shown in figure 3.19.  Although the 
cytoplasm is soft, the stiffer membrane does not allow the cell to cover all of the 
cavities of the tip.  The highest peaks of the profile push down the membrane.  
Therefore, the distance between two peaks will not be filled with the patched 
membrane.  This is important because if the membrane fills up all of the room 
between peaks and valleys, then the contact area between the membrane and the 
glass will increase.  This in turn can result in a better seal.  However the result of the 
FE modelling shows that the membrane cannot go into the valleys.  Therefore the 
space which is left over, acts like channels connecting the inside and outside of the 
pipette together.  These channels are filled with the conductive media, making it 
easier for ions to escape, therefore increasing the leakage current and compromising 
ba 
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the seal.  As can be understood from Table 3.3, the maximum peak to valley height 
of these channels is about 10-34 nm.  The result of the FE modelling is in agreement 
with experiments carried out with rough and polished pipettes.  Polished pipettes 
make a better seal with cells because their flat tip can make a better contact with the 
cell surface.  
 
Figure 3.19 Result of the FE modelling of patch clamping process, a) Aspiration of cell into pipette, 
b) close view of the region underneaththe pipette.  Stiff cell membrane prevents soft cytoplasm filling 
the cavities of the tip, c) 3D representation of result, d) cell deformation at the end of indentation 
process and before applying suction.  The material properties of cytoplasm and membrane used in this 
modelling are:  Ec=1000 Pa , νc=0.5 , ρc=1000kg/m3 , Em=100 Mpa , νm = 0.3, ρm =1150 kg/m3. 
a 
d 
c 
b 
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3.7 Summary  
 
In this chapter the effect of pipette tip roughness on gigaseal formation in patch 
clamping is studied.  Micropipettes are fabricated in a heating and pulling process.  
The fabrication process of glass micropipettes is introduced in section 3.2.  High 
magnification SEM images of pipettes’ tips have shown that they are rough and 
jagged.  3D reconstruction of pipette tips has been discussed in section 3.3.  The 
SEM stereoscopic technique has been used for 3D reconstruction of the pipette tip 
and roughness parameters were extracted from digital elevation models of the tips.  
FIB milling is used to cut across the tips, leaving a very smooth surface at the top of 
the pipettes (section 3.4).  Patch clamping experiments were carried out using FIB 
polished and conventional pipettes (section 3.5).  
 
Seal values were considerably higher in the case of polished pipettes.  Above 3 GΩ 
seals were achieved readily and the highest seal resistance reached was 9 GΩ for 
polished pipettes.  The leakage current in single channel recording was found to be 
0.3 pA, significantly smaller than 2-3 pA usually achieved using conventionally 
treated pipettes.  Smaller current is the consequence of higher seal resistance.  To 
further investigate the effect of roughness on gigaseal formation FE modelling of 
patch clamping was carried out (section 3.6).  Results of the FE modelling show that 
the cell cannot fill up all of the valleys of the tip and therefore in 3-dimensions the 
inside of the pipette is connected to the outside by nanometre-high channels, 
facilitating current leakage.  This is consistent with the result obtained from patch 
clamping experiments where smoother tips resulted in higher seal values.  FIB 
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polished glass micropipettes have improved the gigaseal formation in patch 
clamping. 
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CHAPTER 4:  EFFECT OF HYDROPHILICTY ON 
GIGASEAL FORMATION  
4  
4.1  Introduction  
 
As has been discussed in section (2.6.2) the membrane has both hydrophilic and 
hydrophobic components.  The exact contribution of these components in seal 
formation is not clear.  Hydrophilicity of the pipette (or patch site in planar patch 
clamping) is believed to be a prerequisite for gigaseal formation (6).  For many 
materials, treating the substrate to be more hydrophilic resulted in considerably 
higher seal values (22), (24), (35), (46).  However the twofold structure of the 
membrane has made it possible for the membrane to form a seal with both 
hydrophobic and hydrophilic materials, and there has been a report on hydrophobic 
materials forming seals (26).  In this chapter the effect of hydrophilicity on gigaseal 
formation is discussed.  Two treatment methods are used to alter the chemical 
properties of glass micropipettes:  piranha solution treatment and oxygen plasma 
treatment (section 4.2 and 4.3).  Patch clamping experiments were carried out using 
treated and conventional pipettes to test the effect of hydrophilicity (section 4.4).  
The results discussed in section 4.5 show the importance of hydrophilicity and 
hydrogen bonds in seal formation.  Finally the chapter is summarized in section 4.6.  
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4.2  Piranha Solution Treatment 
 
Piranha solution has been in use in the semiconductor industry for decades.  The 
piranha solution is a mixture of concentrated sulphuric acid (H2SO4) and hydrogen 
peroxide (H2O2), used to remove organic contaminants from the surface.  The 
solution is a strong oxidizer and will also make the surface more hydrophilic (86).  
Both cleanliness and hydrophilicity are important factors in seal formation.  Many 
different mixture ratios are commonly used, but a typical piranha solution consists:  
3:1 vol/vol 96% H2SO4:30% H2O2.  The mixture of the two results in the formation 
of the strong oxidant H2SO5 (87) (88): 
H2SO4 + H2O2 →H2SO5 + H2O 
 
As a result piranha solution is a strong oxidizer and will hydroxylate the surface by 
increasing silanol groups and Si-O- species on the glass support, making the surface 
more hydrophilic (89).  
 
Glass cover slips were used for characterization of the treatment procedure before 
application for treating the micropipettes.  Cover slips were dipped in piranha 
solution for 30 minutes and the temperature was kept at 85 °C to maintain the 
effectiveness of the solution.  Figure 4.1 shows the contact angle between the treated 
glass and water before and after treatments.  
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Figure 4.1 Contact angle measured before and after piranha treatment for 30 minutes. Contact angle 
between water and glass before treatment (a), after treatment (b) and after 2 hours from treatment (c).  
 
Treating micropipettes is different from treating cover slips.  In order to apply 
piranha treatment to glass micropipettes the following issues should be considered 
carefully: 
 Treatment time 
 Effect of piranha treatment on pipette capacitance and  
 Effect of piranha treatment on pipette surface roughness. 
4.2.1 Treatment Time 
 
Figure 4.1 shows that piranha solution treatment is an effective way to increase the 
hydrophilicity of glass.  However, dipping pipettes in piranha solution for 30 
minutes causes a considerable amount of piranha solution to be sucked into the 
pipette by capillary action.  Piranha solution is harmful to cells and it must be 
removed from pipettes before conducting patch clamp experiments.  Due to the small 
tip size of the pipettes (1-2 µm), it takes a long time to remove the piranha solution 
by applying pressure to the backside of the pipettes.  Shorter treatment times were 
used to overcome this problem by decreasing the amount of the solution which goes 
a b
c
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into the pipettes.  To observe the effectiveness of treatments, the contact angle 
between a water droplet and the glass cover slips was measured for different 
treatment times and presented in Table 4.1.  As patch clamp experiments were 
usually carried out with a delay from treatment, contact angles are measured after 
treatment and after two hours from treatment to find out if the surface is able to keep 
its properties for a period of time.  
 
Table 4.1  Contact angle for different treatment times. Treatment time of 30s was chosen because it is 
more effective and the surface can maintain its properties for a longer time. 
 
 
Based on the values of contact angles in Table 4.1, treatment time of 30 seconds was 
chosen for pipettes’ treatment.  
 
To estimate the influence of capillary action for this treatment time pipettes were 
dipped in ink for 30 seconds.  This gives a good approximation of the length of time 
required for applying pressure to the pipette to remove the piranha after treatment.  
Blue ink was used to give a higher contrast as piranha solution is transparent and it is 
difficult to observe it leaving the pipette.  It took 2 minutes and 40 seconds to 
completely remove ink from the pipette which was sucked in by capillary action in 
30 seconds (figure 4.2).  Before conducting patch clamp experiments positive 
pressure is applied to pipettes for three minutes to remove the piranha solution.  
Treatment time (sec) Contact angle measured after treatment Contact angle measured after 2 
hrs. 
10 28 48 
20 11 37 
30 10 19 
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Figure 4.2 Pipettes were dipped in ink for 30 seconds. (a) Positive pressure was applied for 2 minutes 
and 40 seconds to pipette to remove the ink.  The experiments were carried out under water to 
eliminate surface tension at the tip. (b) Ink has been completely removed from the pipette.  
4.2.2 Effect of Piranha Treatment on Pipette Surface Roughness   
 
Piranha solution etches glass.  Seu et al have measured the surface roughness of 
glass slips treated by piranha solution for different times (89).  Figure 4.3 shows the 
surface roughness values of glass after various treatment times.  Noticeable 
roughening can be observed as the etch time is increased. 
 
Figure 4.3 Effect of piranha solution etching time on surface roughness of glass slides.  AFM images 
and line scans from five different samples are shown.  Surface roughness increases by etching time 
(89). Surface roughness is detrimental to seal formation (see Chapter 3) and should be kept as low as 
possible.  Decreasing treatment time from several minutes to seconds will greatly reduce etching.  
Referring to figure 4.3, treating pipettes for 30 seconds with piranha solution should have negligible 
effect on surface roughness of glass micropipettes.   
b a 
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4.2.3 Effect of Piranha Treatment on Pipette Capacitance  
 
As discussed in section 2.3.1.6, pipette capacitance is an important factor in patch 
clamp recordings and should be minimized.  Treating pipettes with piranha increases 
the hydrophilicity of the glass surface and facilitates the creep up of conductive 
watery solution from the pipette wall.  This increases the pipette capacitance.  
Therefore only the very end of pipettes should be treated and the rest of the pipettes 
should be preserved from treatment.  This has been done by dipping only the end of 
micropipettes in piranha solution using a simple pipette holder (figure 4.4).  
 
 
Figure 4.4 Only the very ends of pipettes were dipped into piranha solution using a micropipette 
holder to preserve the rest of the micropipettes from being treated. (a) The pipette holder with pipettes 
assembled in the holder, (b) Pipettes were inserted in piranha solution.  
4.2.4 Piranha Solution Treatment of Glass Micropipettes 
 
The purpose of treating glass micropipettes with piranha solution is to increase the 
hydrophilicity of the inner wall of the micropipettes which is in contact with the cell 
membrane in seal formation.  Pipettes were dipped in piranha solution for 30 seconds 
using the pipette holder.  Then pipettes were backfilled with pipette solution and 
a b 
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pressure is applied to them after immersing the tip into bath solution for three 
minutes.  This time is enough to remove harmful solution from the tip.  Pipettes are 
now ready for conducting patch clamp experiments.  
 
4.3  Oxygen Plasma Treatment 
 
The second method used to alter the surface properties of glass micropipettes is 
oxygen plasma treatment.  Plasma treatment increases hydrophilicity and cleans the 
surface.  The plasma affects a surface mainly in two ways:  physically and 
chemically.  Physical plasma/surface interaction is due to bombardment of energetic 
ions.  Chemical interaction is driven by chemically active species in the plasma.  
Plasma is a partially ionized gas with an equal number of positive and negative 
charges.  The ions in the plasma are accelerated through the plasma sheet and 
bombard the surrounding surfaces.  However, by applying an external field the 
energy of the ions bombarding the substrate can be adjusted (90).  Depending on 
plasma parameters (power, applied voltage, pressure, plasma density etc) and gas 
chemistry, plasma discharges can be employed for etching, deposition or surface 
cleaning (90).  Oxygen plasma treating leads to the formation of surface (−OH) 
groups (silanol) (figure 4.5) (91).  The increased concentration of OH groups at the 
surface provides a higher number of siloxane bonds.  Glass cover slips were used for 
characterization of the treatment procedure.  They were exposed to oxygen plasma 
for 1 minute.  Figure 4.6 shows the contact angle between glass and a droplet of 
water before and after oxygen plasma treatments.  
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Figure 4.5 Glass surface (a) before and (b) after plasma treatment (redrawn from (92)). 
 
Figure 4.6 Contact angle measured before and after oxygen plasma treatment for 1 minute. Contact 
angle between water and glass before treatment (a), after treatment (b) and after 2 hours from 
treatment (c). 
Similar to piranha solution treatment, pipette capacitance and surface roughness are 
important factors which need careful consideration in plasma treatment. 
 
4.3.1 Effect of Oxygen Plasma Treatment on Pipette Capacitance  
 
A mould has been fabricated to be placed into the plasma chamber.  Figure 4.7 
shows the fabrication process of the mould.  As stated earlier, it is only the tips of 
c 
a b 
b 
a 
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micropipettes that need to be treated and the rest of the pipettes should be preserved 
from treatment.  
 
Figure 4.7 Fabrication process of a mould for oxygen plasma treatment of glass micropipettes. a) The 
holder is fabricated from Perspex and PDMS, b) the image of the holder.    
4.3.2 Effect of Oxygen Plasma Treatment on Surface Roughness 
 
Oxygen plasma treatment increases the surface roughness of glass.  The amount of 
roughness is proportional to the magnitude of power and exposure time.  The oxygen 
radicals preferentially remove weak Si-Si bonds and break Si-O bonds at the surface 
which results in higher surface roughness (93).  Figure 4.8 shows surface roughness 
as a function of power and exposure time.  
 
 
Figure 4.8 Surface roughness of glass as a function of power and exposure time (93).  
a b PDMS 
Perspex Pipettes 
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4.3.3 Oxygen Plasma Treatment of Glass Micropipettes 
 
For oxygen plasma treatment of glass micropipettes, they were inserted into a low-
pressure radio frequency (RF) plasma chamber.  Ten pipettes were placed in the 
mould to be treated all at once.  The mould was inserted horizontally to the chamber.  
The plasma treatment was performed at a working pressure of 40 mTorr, an oxygen 
flow of 50 sccm and 40 degrees.  The oxygen plasma power and exposure time were 
respectively 800 W inductively coupled power, 20 W platen power and 1 min.  As 
can be understood from figure 4.8, for these values the size of roughness is below 2 
Å.  This amount of change in surface roughness is negligible in comparison with the 
surface roughness of glass micropipettes (The surface roughness of pipette tip and 
inner wall is reported in Chapter 5).  Therefore oxygen plasma treatment has a 
minimum effect on surface properties of pipettes.  
 
4.4 Patch Clamping Experiments  
 
Patch clamping experiments were carried out on HEK (Human Embryonic Kidney) 
cells with piranha solution treated, oxygen plasma treated and conventional pipettes 
and the results are compared.  Cell culture and set up for patch clamping experiments 
were the same as discussed in Chapter 3.  Glass micropipettes used for treatment and 
patch clamping experiments were pulled from borosilicate glass tubes (BF150-86-10, 
Sutter Instruments).  The puller machine used was the flaming/brown micropipette 
puller (Model P-97, Sutter Instruments, Novato, CA) and the pulling parameters of 
the machine were set to produce pipettes with approximately 1.5 µm in tip diameter.  
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Ten measurements were made for each type of pipette and seal values were recorded.  
The mean value of seal resistances for conventional pipettes is 1.6 GΩ with the 
standard deviation of 0.6 GΩ.  The mean of seal resistances for piranha treated 
pipettes is 3.0 GΩ with the standard deviation of 0.9 GΩ.  In comparison, the mean 
value of seal resistance for oxygen plasma treated pipettes is 0.93 GΩ with the 
standard deviation of 0.3 GΩ.  Figures 4.9 and 4.10 show performance of one of the 
piranha treated and one of the oxygen plasma treated pipettes respectively.  Figure 
4.11 shows the seal values for oxygen plasma treated, piranha solution treated and 
conventional pipettes. 
 
 
Figure 4.9 Voltage clamp recordings showing changes in current performed by an oxygen plasma 
treated pipette. The voltage step length is 30 ms, the increment is 25 mV per step.  The application of 
a 350 mV pulse resulted in a recorded current of approximately 210 pA and a calculated seal 
resistance of approximately 1.6 GΩ.  
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Figure 4.10 Voltage clamp recordings showing changes in current performed by a piranha solution 
treated pipette.  The voltage step length is 30 ms, the increment is 25 mV per step.  The application of 
a 350 mV pulse resulted in a recorded current of approximately 80 pA and a calculated seal resistance 
of approximately 4.3 GΩ. 
 
 
Figure 4.11 Seal values for conventional, piranha solution and oxygen plasma treated pipettes. 
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4.5 Discussion  
 
The results show that seal values for piranha solution treated pipettes are higher than 
for conventional pipettes.  As discussed in section 2.6.3 four kinds of forces are 
presented in seal formation:  ionic bonds, hydrogen bonds, salt bridges and van der 
Waals’ forces.  Of these four, the last three play a more important role.  Results from 
piranha solution treated pipettes show the importance of hydrogen bonds in gigaseal 
formation.  Piranha solution is a strong oxidizer and adds more hydroxyl groups to 
the surface of the glass, therefore stronger hydrogen bonds can be made between 
glass and membrane and a stronger seal is obtained.  Piranha solution also cleans the 
surface of the glass of any organic material.  Clinginess is a prerequisite for seal 
formation (6).  These two improvements result in a very high probability of gigaseal 
formation.  About 80% of efforts led to gigaseal formation.  Piranha solution 
treatment has been found to be a practical and effective way for pipette treatment, 
improving gigaseal formation, which is highly desirable in electrophysiology labs. 
 
Oxygen plasma treatment also cleans the surface and makes it more hydrophilic.  
However oxygen plasma treated pipettes could not form seals as good as piranha or 
conventional pipettes.  This is mainly due to oxygen plasma not being an effective 
way of treating micropipettes.  Firstly, due to the dimensions of the chamber, 
micropipettes should be placed on a wafer horizontally.  This configuration 
significantly limits the access of plasma to the inside of pipette (Figure 4.12a).  
Secondly, the inner wall of micropipettes should be treated for the first one hundred 
micrometers from the pipette tip, as in seal formation the membrane goes from 5 to 
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100 microns into the pipette.  Thirdly, the tip size is very small (1 to 2 microns).  As 
a result plasma cannot reach the desired area effectively.  Fourthly, background 
gases present in the inducting coupled plasma etcher chamber may contaminate the 
tip (92), thereby preventing seal formation.  The combination of these reasons has 
resulted in lower seal resistances of oxygen plasma treated pipettes.  It should also be 
emphasized that oxygen plasma treatment has been widely used in planar patch 
clamp systems for treating the patching site (22), (35), (46).  The higher seal values 
after treatment show the importance of hydrophilicity of the patching site and the 
effectiveness of plasma treatment.  In treating planar patch clamp systems, charged 
species can easily reach to the patching site because it is normally on a flat surface; 
therefore effectively treating the site (figure 4.12b).  
 
 
Figure 4.12 Oxygen plasma treatment of micropipettes (a) and planar patch clamp chip (b). Plasma 
can effectively treat patching site in planar patch clamp systems but the inner wall of pipettes is 
difficult to access.  
 
4.6 Summary  
 
In this chapter the effect of hydrophilicity on gigaseal formation has been reported.  
Piranha solution and oxygen plasma treatments are used to change the hydrophilicity 
of the patching site.  Both the piranha solution and oxygen plasma treatment increase 
surface roughness, but the value of increase is very small and can be neglected.  
a b 
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Results show that piranha treated pipettes form better seals with higher resistance 
values.  The results of this study not only provide better understanding of gigaseal 
formation but also can be applied in the planar patch clamping design and fabrication 
process to achieve better cellular recording.  These results can be understood by the 
fact that piranha solution is a strong oxidizer and adds more hydroxyl groups to the 
surface of the glass.  Therefore more hydrogen bonds can be made between glass and 
membrane and a stronger seal is obtained.  Piranha solution also cleans the surface of 
any organic material.  Cleanliness of patching area is a crucial required condition for 
seal formation (6).  Another advantage of piranha solution treatment is that the 
probability of gigaseal formation is very high.  About 80% of efforts led to gigaseal 
formation.  Piranha solution treatment has been found to be a practical and effective 
way for pipette treating which is highly desirable in electrophysiology labs.  Oxygen 
plasma treated pipettes failed to form high resistance seals.  This is mainly because 
oxygen plasma treatment is not an effective way for treating glass micropipettes.  
However treatment of planar patch clamping systems with oxygen plasma where 
there is a good access of plasma to the patching site, has improved seal formation.  
This shows the importance of hydrophilicity in seal formation.  
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CHAPTER 5:  EFFECT OF TIP SIZE ON GIGASEAL 
FORMATION 
5  
5.1 Introduction  
 
Tip size is perhaps the easiest controllable factor which affects gigaseal formation.  It 
is generally known that the smaller the tip size, the easier it is to achieve a gigaseal. 
Although tip size has been mentioned in the literature to be an important factor in 
seal formation and often it has been used in planar patch clamping as a tool to 
increase the probability of gigaseal formation (22), (33), (47), (63), (64), the reasons 
remain unclear.  This chapter reports on research into the effect of tip size on 
gigaseal formation.  To clarify this matter one needs to study the surface properties 
of pipettes with different tip sizes and compare the seal resistances obtained by them.  
However firstly, it is important to know how the tip size affects the patch clamping.  
The influence of tip size in patch clamping technique and its effect on gigaseal 
formation is introduced in section 5.2 and 5.3.  The areas that make contact with the 
cell surface in gigaseal formation are the pipette tip and the pipette inner wall.  The 
surface properties of these areas are measured by 3D reconstruction using a Scanning 
Electron Microscope (SEM) stereoscopic technique and are reported in section 5.4.  
Results from the 3D reconstruction of different sized pipettes show that smaller 
pipettes are smoother than bigger pipettes.  Section 5.5 reports the results of patch 
clamp experiments by different sized pipettes.  The effect of tip size on gigaseal 
formation is discussed in section 5.6.  Some surface roughness parameters such as 
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maximum peak to valley distance and developed interfacial area ratio are found to be 
important in seal formation.  Finally the chapter is summarized in section 5.7.     
 
5.2 Effect of Tip Size in Patch Clamping  
 
The small size of the tip of the micropipette creates a resistance.  This resistance 
plays an important role in patch clamping since it constitutes most of the pipette 
resistance.  The other part of pipette resistance is due to the shank of the pipette and 
is called shank resistance.  The equivalent circuit for the cell attached patch 
configuration was shown in figure 2.4 and is recalled here again (figure 5.1).  
According to Kirchhoff’s voltage law, the greatest voltage drop in a series circuit 
will be over the highest resistance.  It means that the highest resistance in a series 
circuit determines the current flow; therefore if the patch resistance (Rpatch) is high 
compared with the resistance of the rest of the cell (Rm) and the pipette resistance 
(Rpipette), then the circuit effectively monitors current flow through the patch and any 
ion channels in it. 
 
Figure 5.1 Equivalent circuit for the cell-attached patch configuration (5). 
Chapter 5                                                          Effect of tip size on gigaseal formation 
93 
 
Pipette resistance can be obtained theoretically by knowing the geometry of patch 
pipettes.  The geometry of thick walled hard glass patch pipettes (which were the 
kind of pipettes used in the experiments) is shown in figure 5.2.  The tip shape is 
approximately conical, with an angle ߮ of 8-12°.  When the pipette is modelled as 
having an approximately cylindrical shank and a conical tip, the total resistance of 
the pipette is given by the sum of the tip and the shank resistances (47). 
 
ܴ ൌ  ఘ௟గ௥ೞమ ൅
ఘ ୡ୭୲ቀകమቁ
గ ሺ
ଵ
௥೟ െ
ଵ
௥ೞሻ                                                                                    (5.1) 
 
Where:  
ߩ is specific resistivity (Ohm.cm) 
l is pipette shank length (cm) 
rs is the shank radius (µm) 
rt is the tip radius (µm) 
߮ is the cone angle.  
 
Since the radius of the cylindrical shank (rs) is much larger (>50 µm) than that of the 
radius of the tip opening (rt), the resistance of the tip dominates.  Most of the 
resistance of a patch pipette resides at or very near its tip.  
Chapter 5                                                          Effect of tip size on gigaseal formation 
94 
 
 
Figure 5.2 Longitudinal section through the tip of a thick-walled hard glass pipette (47). 
 
As was discussed earlier, lower pipette resistance results in more accurate 
measurement of membrane activity.  However the tip size cannot be increased 
greatly, since it lowers the probability of seal formation.  One solution is to minimize 
shank resistance as much as possible by selecting correct pulling parameters in 
conventional patch clamping or suitable chip design in planar patch clamping 
devices. 
 
5.3 Effect of Tip Size on Gigaseal Formation 
 
Tip size affects gigaseal formation.  The smaller the tip is, the higher the seal 
resistance.  Length of opposition between cell membrane and pipette is an important 
factor in gigaseal formation. A cell membrane has contact with the pipette in two 
areas:  pipette tip and pipette inner wall (figure 5.3).  
߮ 
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Figure 5.3 Two contact areas of pipette and membrane in gigaseal formation:  (1) at the tip and (2) 
along the inner wall. 
 
In patch clamping, membrane can be sucked into the pipette from 5 to 100 
micrometers (50) (51).  This implies that as long as the membrane and pipette are in 
close contact their length of opposition is in the second order of importance.  This 
suggests that membrane can get closer to the pipette surface for smaller pipettes.  
Measuring surface properties of pipettes with different sizes can help prove this 
hypothesis.  
 
5.4 Measuring Surface Properties of Pipettes  
 
SEM stereoscopic technique is used to determine three dimensional surface 
structures of pipettes.  Information on SEM stereoscopic technique can be found in 
Chapter 3 and appendix A.  
 
Suction 
Pipette 
Cell 
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5.4.1 3D Reconstruction of the Tips  
 
To enhance the quality of images to the level required by the SEM stereoscopic 
technique, glass micropipettes are coated with a less than 5 nm-thick layer of 
platinum.  Figure 5.4 shows images of pipettes before and after coating.  The coating 
improved significantly the quality of the SEM images.  The coating thickness is well 
below the resolution of the images used in 3D reconstruction.  Therefore surface 
features are not affected from the coating process. 
 
Figure 5.4 Images of pipettes’ tips before (a,b) and after (c,d) coating with platinum. 
Two pipettes with different tip sizes were chosen for 3D reconstruction:  
 Pipette A with the tip diameter of 8.7 µm and  
 Pipette B with the tip diameter of 2.3 µm. 
a b 
c d 
10 µm 2 µm 
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To reconstruct the pipettes’ tips three high resolution SEM images are obtained from 
different perspectives.  The tilting angle between each pair of stereo images was 5 
degrees.  The SEM machine used for 3D reconstructions is Strata DB 235 from FEI.  
MeXTM software (version 5.1) was used for analyses and 3D reconstruction of the 
pipette surface (72).  Figure 5.5 shows the west, the middle and the east SEM images 
of pipette A and also the digital elevation model created by MeXTM.  
 
 
Figure 5.5 SEM stereo images of pipette A (tip diameter (Dt)=8.7 µm):  (a) west, (b) middle, (c) east 
images and (d) the digital elevation model created by MeXTM. 
Figure 5.6 shows stereo images and the digital elevation model of pipette B.  
2 µm 
a b
c d
Tilting angle = -5° Tilting angle = 0° 
Tilting angle = 5° 
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Figure 5.6 SEM stereo images of pipette B (Dt=2.3 µm):  (a) west, (b) middle, (c) east images and (d) 
the digital elevation model created by MeXTM. 
Table 5.1 gives the values of tip diameters, tilting angles, magnifications, lateral 
resolutions and vertical resolutions of the two 3D reconstructed pipettes.  
 
Table 5.1 Reconstruction information for 2 pipettes. 
 
Pipette  Tip Diameter 
(µm) 
Tilting Angle 
(left to right) 
Magnification Lateral 
Resolution 
Vertical 
Resolution 
Pipette A 8.7 10 20000 14.7 nm 42.1 nm 
Pipette B 2.3 10 65000 4.6 nm 13.2 nm 
 
Surface properties of pipettes computed from the digital elevation model are 
presented in Table 5.2.  The results show that pipette A is rougher than pipette B.  
Pipette A (tip diameter (Dt) = 8.7 μm) has the average surface roughness of 40.8 nm 
and the maximum peak to valley distance of 585.9 nm.  The average surface 
roughness of pipette B ((Dt) = 2.3 μm) is 17.3 nm and its maximum peak to valley 
distance is 204.8 nm.  Table 5.3 shows the bearing area curve parameters of the 
a b 
d c 
Tilting angle = -5° Tilting angle = 0° 1 µm 
Tilting angle = 5° 
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pipettes.  These parameters provide useful information about the peak, core and 
valley volumes and fluid retention ability of the surface (94) which will be used to 
explain the sources of leakage in seal formation later in this chapter.  
 
Table 5.2 Tip surface properties for two pipettes having different sizes  
 
Name Value (Pipette A) 
Dt = 8.7 µm 
Value (Pipette B) 
Dt = 2.3 µm 
Description 
Sa 40.8 nm 17.3 nm Average height of selected area 
Sq 54.5 nm 22.6 nm Root-mean-square height of selected area 
Sp 258.7 nm 92.0 nm Maximum peak height of selected area 
Sv 327.2 nm 112.8 nm Maximum valley depth of selected area 
Sz 586 nm 204.8 nm Maximum height of selected area 
S10z 438.7 nm 168.2 nm Ten point height of selected area 
Ssk -0.1515 -0.2774 Skewness of selected area 
Sku 4.5606 3.9823 Kurtosis of selected area 
Sdq 0.7303 0.8654 Root mean square gradient 
Sdr 27.005% 34.866% Developed interfacial area ratio 
 
 
Table 5.3 Values of the bearing area curve for two pipette tips having different sizes 
 
Name Value (Pipette A) 
Dt = 8.7 µm 
Value (Pipette B) 
Dt = 2.3 µm 
Description 
Sk 358.9 nm 116.9 nm Core roughness depth, height of the core material 
Spk 129.1 nm 67.1 nm Reduced peak height, mean height of the peaks 
above the core material 
Svk 236.0 nm 47.3 nm Reduced valley height, mean depth of the valleys 
below the core material 
Smr1 12.4 % 10.18 % Peak material component, the fraction of the 
surface which consists of peaks above the core 
material 
Smr2 90.74 % 89.23 % Peak material component, the fraction of the 
surface which will carry the load 
Vmp 0.0059 ml/m2 0.0033 ml/m2 Peak material volume of the topographic surface 
(ml/m²) 
Vmc 0.1225 ml/m2 0.0411 ml/m2 Core material volume of the topographic surface 
(ml/m²) 
Vvc 0.1816 ml/m2 0.0563 ml/m2 Core void volume of the surface (ml/m²) 
Vvv 0.021 ml/m2 0.0056 ml/m2 Valley void volume of the surface (ml/m²) 
Vvc/Vmc 1.4817  1.37  Ratio of Vvc parameter to Vmc parameter 
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5.4.2 Inner Wall  
 
So far it has been shown that tips of micropipettes are rough and a bigger pipette has 
a higher average surface roughness.  It has been thought that heating and pulling of 
glass micropipettes produces smooth surfaces (21).  Therefore one could expect that 
inner walls of pipettes are smooth.  To measure surface properties of the inner walls 
of pipettes, focused ion beam and SEM stereoscopic technique were used.  Two 
pipettes with different sizes were chosen:  
 Pipette C with the tip diameter of 15.3 µm and  
 Pipette D with the tip diameter of 11.8 µm 
The pipettes were split and cut open using focused ion beam milling for access to the 
inner walls.  The imaging direction was perpendicular to the cutting plane, avoiding 
redeposition of sputtered materials from the Focused Ion Beam (FIB) cutting to the 
area.  After cutting, the pipettes were turned 90 degrees by means of a holder which 
was previously fabricated.  Three SEM images were taken from the inside wall and 
3D structures of the inner wall were obtained using MeX software.  Figure 5.7 shows 
pipette C (Dt=15.3 µm) before and after FIB milling.  West, middle and east SEM 
images of the inner wall of this pipette and its digital elevation model created by 
MeX are shown in figure 5.8. 
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Figure 5.7 Pipette C (Dt=15.3 µm) before and after focused ion beam milling.  
 
Figure 5.8 Inner wall SEM stereo images of pipette C (Dt= 15.3 µm):  (a) west, (b) middle, (c) east 
images and (d) the digital elevation model created by MeXTM. 
Figure 5.9 shows pipette D (Dt=11.8 µm) before and after FIB milling.  West, middle 
and east SEM images of the inner wall of this pipette and its digital elevation model 
created by MeX are shown in figure 5.10. 
d 
a b 
c 
Tilting angle = -5° Tilting angle = 0° 
Tilting angle = 5° 
1 µm 
a b 
c 
5 µm 
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Figure 5.9 Pipette D (Dt=11.8 µm) before and after focused ion beam milling. 
Figure 5.10 Inner wall SEM stereo images of pipette D (Dt =11.8 µm):  (a) west, (b) middle, (c) east 
images and (d) the digital elevation model created by MeXTM. 
 
Table 5.4 gives the values of tip diameters, tilting angles, magnifications, lateral 
resolutions and vertical resolutions of the two 3D reconstructed pipettes.  
a b 
c d 
Tilting angle = -5 ° Tilting angle = 0° 
Tilting angle = 5 ° 
1 µm 
a 
5 µm 
b 
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Table 5.4 Reconstruction information for 2 pipettes. 
 
Pipette  Tip Diameter 
(µm) 
Tilting 
Angle 
(left to right) 
Magnification Lateral 
Resolution 
Vertical 
Resolution 
Pipette C 15.3 10 25000 11.7 nm 33.7 nm 
Pipette D 11.8 10 50000 5.88 nm 16.8 nm 
 
 
Surface properties of the pipettes’ inner wall surfaces computed from the digital 
elevation model are presented in Table 5.5.  The results show that pipette C is 
rougher than pipette D.  Pipette C ((Dt) = 15.3 μm) has the average surface 
roughness of 30.2 nm.  The average surface roughness of pipette D ((Dt) = 11.8 μm) 
is 24.1 nm. 
 
Table 5.5 Inner wall surface properties of two different sized pipettes 
 
Name Value (Pipette C) 
Dt = 15.3 µm 
Value (Pipette D) 
Dt = 11.8 µm 
Description 
Sa 30.2 nm 24.1 nm Average height of selected area 
Sq 37.9 nm 30.6 nm Root-mean-square height of selected area 
Sp 156.9 nm  183.0 nm Maximum peak height of selected area 
Sv 149.1 nm 172.9 nm  Maximum valley depth of selected area 
Sz 361 nm 356 nm  Maximum height of selected area 
S10z 270.2 nm 247.0 nm Ten point height of selected area 
Ssk 0.0467 0.0696 Skewness of selected area 
Sku 2.9718 3.3903 Kurtosis of selected area 
Sdq 0.6154 0.8312 Root mean square gradient 
Sdr 17.827% 30.966 Developed interfacial area ratio 
 
 
Table 5.6 Values of the bearing area curve for two pipette tips having different sizes 
Name Value (Pipette C) 
Dt = 15.3 µm 
Value (Pipette D) 
Dt = 11.8 µm 
Description 
Sk 458.8 nm 340.9 nm Core roughness depth, height of the core 
material 
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Spk 225.4 nm 174.2 nm Reduced peak height, mean height of 
the peaks above the core material 
Svk 122.4 nm 47.9 nm Reduced valley height, mean depth of 
the valleys below the core material 
Smr1 19.52 % 17.36 % Peak material component, the fraction of 
the surface which consists of peaks 
above the core material 
Smr2 93.79 % 96.72 % Peak material component, the fraction of 
the surface which will carry the load 
Vmp 0.0079 ml/m2 0.0062 ml/m2 Peak material volume of the topographic 
surface (ml/m²) 
Vmc 0.1741 ml/m2 0.1306 ml/m2 Core material volume of the topographic 
surface (ml/m²) 
Vvc 0.2841 ml/m2 0.2115 ml/m2 Core void volume of the surface (ml/m²) 
Vvv 0.0155 ml/m2 0.0073 ml/m2 Valley void volume of the surface 
(ml/m²) 
Vvc/Vmc 1.6326  1.6194 Ratio of Vvc parameter to Vmc parameter 
 
5.5 Patch Clamp Experiments  
 
Patch clamp experiments were carried out on HEK (Human Embryonic Kidney) 
cells using two kinds of pipettes:  
 Conventional pipettes with tip diameter of 1.1 µm and resistance of 6.5 MΩ  
 Big pipettes with tip diameter of 3.5 µm and resistance of 1.8 MΩ.  
Cell culture and set up for patch clamp experiments were the same as discussed in 
Chapter 3.  Glass micropipettes were pulled from borosilicate glass tubes (BF150-
86-10, Sutter Instruments).  The puller machine used was a flaming/brown 
micropipette puller (Model P-97, Sutter Instruments, Novato, CA) and the pulling 
parameters of the machine were set to produce pipettes with the aforementioned tip 
diameters.  Ten measurements were made for each type of pipette and seal values 
were recorded.  Figures 5.11 and 5.12 show the seal quality for the conventional and 
bigger pipette respectively.  Figure 5.13 shows the seal values for the two kinds of 
pipettes. The mean value of seal resistance for conventional pipettes is 1.6 GΩ with 
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the standard deviation of 0.6 GΩ.  The mean value of seal resistances for bigger 
pipettes is 0.4 GΩ with the standard deviation of 0.2 GΩ. 
 
 
Figure 5.11 Voltage clamp recordings showing changes in current performed by a bigger pipette (tip 
diameter = 3.5).  The voltage step length is 30 ms, the increment is 25 mV per step.  The application 
of a 350 mV pulse resulted in a recorded current of approximately 480 pA and a calculated seal 
resistance of approximately 0.7 GΩ. 
 
 
Figure 5.12 Voltage clamp recordings showing changes in current performed by a conventional 
pipettes (tip diameter = 1.1).  The voltage step length is 30 ms, the increment is 25 mV per step.  The 
application of a 350 mV pulse resulted in a recorded current of approximately 110 pA and a 
calculated seal resistance of approximately 3.2 GΩ. 
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Figure 5.13 Seal values for conventional and big pipettes. 
 
5.6 Discussion  
 
Patch clamping results clearly show that conventional pipettes (Dt= 1.1 µm) make 
better seals.  The average seal value is 1.6 GΩ for conventional pipettes with 
standard deviation of 0.6 GΩ and is significantly higher than the average seal value 
of 0.4 GΩ for big pipettes with diameter of 3.5 µm.  This can be explained by 
comparing the roughness parameters of pipettes with different size openings.  Tables 
5.2 and 5.5 show the surface roughness parameters for pipettes with different tip 
sizes.  The fact that both of the pipette tips and pipette inner walls are rough may 
help better understanding of the mechanism of gigaseal formation.  Bigger pipettes 
(pipettes A and C) have higher average surface roughness (Sa), higher maximum 
peak to valley distance and lower developed interfacial ratio (Sdr).  From Chapter 3, 
it is known that maximum peak to valley distance determines the height of the 
channel connecting the inside of the pipette to the outside.  Higher maximum peak to 
valley distances for pipettes A and C show that the inside of pipettes is connected to 
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the outside by bigger channels facilitating the leakage of ions.  The developed 
interfacial area ratio (Sdr) also changes significantly for pipettes having different 
sizes.  Sdr is expressed as the percentage of additional surface area contributed by the 
texture as compared to an ideal plane (94).  Higher Sdr means that the surface is 
closer to a flat surface.  It has been shown that higher Sdr promotes cell adhesion 
significantly (95) by allowing the membrane to get closer to the glass surface.  As a 
result more bonds can be made between cell surface and glass wall.  The fact that 
pipettes B and D have notably higher Sdr at the tip and at the pipette inner wall 
surface means that a higher percentage of the pipette surface contributes in glass-
membrane interactions.  This increases the number of membrane proteins sticking to 
the pipette inner wall and improves the seal.  Table 5.3 and 5.6 show that valley void 
volume (Vvv) is considerably high for pipettes A and C (bigger pipettes).  This 
indicates that these pipettes have more fluid retention ability.  The ratio of Vvc/Vmc is 
also larger for them, which means that there are more voids present compared to 
pipettes B and D (smaller pipettes).  During patch clamp experiments valleys and 
voids are filled with conductive media facilitating ion escape, increasing the leakage 
current and compromising the seal.  The results suggest that as long as the membrane 
and pipette surface are close enough, the length of the contact is in the second order 
of importance.  Equation (5.2) shows that although it is more difficult for the 
membrane to go to the smaller pipettes yet it forms a higher seal with them.  This is 
in good agreement with the practical knowledge in patch clamping that the smaller 
pipette makes a better seal.  
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5.7 Summary  
 
In this chapter the effect of tip size on gigaseal formation has been studied. The 
relationship between pipette resistance and tip size and its influence on gigaseal 
formation is discussed.  Surface roughness parameters of pipettes with different sizes 
were measured using a SEM stereoscopic technique.  In order to have access to the 
inner wall of the pipette, the pipettes’ heads were split and cut open using focused 
ion beam milling.  It is found that the bigger pipettes have higher average surface 
roughness, higher maximum peak to valley distance, higher valley void volume and 
lower developed interfacial area ratio.  These findings explain the higher leakage 
current and lower seal resistance in the case of bigger pipettes.  The results are in 
good agreement with the practical knowledge in patch clamping that the smaller 
pipette makes a better seal. 
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CHAPTER 6:  STUDY OF GLASS MICROPIPETTES 
FROM TIP FORMATION TO CHARACTERIZATION 
6  
6.1 Introduction 
 
In chapter 6 various aspects of glass micropipettes including characterization, 
mechanisms of tip formation, tip geometry etc are studied.  The study is intended 
both to explain some sources of leakage in patch clamping and to provide useful 
information for fabricating pipettes with favoured properties.  The study may also 
lead to better understanding of the tip formation mechanisms.  The research involves 
mass fabrication of micropipettes. In section 6.2, the inside and outside walls’ 
surface parameters of glass tubes before pulling, were measured, using laser 
interferometry.  This may be the first step in recognizing the sources of 
micropipettes’ surface roughness.  In Chapters 3 and 5 of this thesis, it was shown 
that tip size and surface roughness have an important effect on gigaseal formation.  
In section 6.3 the effect of pulling parameters (heat, velocity, pull, time and pressure) 
on tip size and surface roughness has been studied, which can provide guidelines for 
fabrication of pipettes with the optimal tip size and surface properties.  Section 6.4 
discusses the effect of pulling direction on surface properties of pipettes.  In section 
6.5 the roundness of the pipette along its contact area with the cell is measured using 
FIB nanotomography.  These studies were to lead to new findings about the 
mechanism of micropipette tip formation (section 6.6).  The results explain sources 
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of leakage in seal formation, but are not limited to patch clamping and can be useful 
in various applications of glass micropipettes, where surface properties and tip sizes 
are important. 
 
6.2 Measuring Surface Properties of Glass Tubes 
 
Glass micropipettes are fabricated by the heating and pulling of commercially 
available glass tubes.  Measuring the surface properties of glass tubes from which 
pipettes are made, may provide information about the sources causing roughness 
after a pipette has been pulled.  Surface properties of glass tubes (BF150-86-10, 
Sutter Instruments) were measured using light interferometers.  White light 
interferometers allow the rapid acquisition of three-dimensional topographical 
information in order to create accurate maps of surface architectures.  The shape and 
phase of interferometric fringes created by the optical path differences caused by the 
sample surface features, when compared to a reference mirror, allows the 
measurement of topographic information as the sample is scanned vertically relative 
to the instrument lens.  Interferometric measurements of micropipettes were 
performed using a MicroXAM2 interferometer (Omniscan, UK), operating using a 
white light source.  Pipettes were imaged at a magnification of 100X.  Scanning 
Probe Image Processor software (Image Metrology, Denmark) was employed for the 
analysis of the acquired images and obtaining surface roughness parameters.  Figure 
6.1 a-c shows the images of the outer wall of the pipette. Table 6.1 and 6.2 show 
roughness parameters of the outer and inner wall of glass tubes.   
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Figure 6.1 Measurement of surface properties of glass tubes using light interferometery (a,b) 2D and 
3D representation of topology of pipette outer wall respectively, (c) representation of the pipette 
surface defects. 
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Table 6.1 Roughness parameters of the outer wall of glass tubes used in fabrication of glass 
micropipettes.  
 
Name Value  Unit  Description  
Sa 0.0197 µm Average surface height of selected area 
Sq 0.0431 µm Root-mean-square height of selected area 
Ssk 6.66  Skewness of selected area 
Sku 70.4  Kurtosis of selected area 
Sy 1.54 µm Largest peak to valley height  
Sz 1.26 µm Ten point height  
Sds 0.403 1/µm2 Density of summits - number of summits of a unit sampling area 
Ssc 0.0141 1/µm Arithmetic mean summit curvature of the surface- average of the 
principal curvatures of the summits within the sampling area 
Smax 1.54 µm Maximum height of selected area 
S2A 22071 µm2 Projected area 
S3A 22163 µm2 Actual surface area 
 
Table 6.2 Roughness parameters of the inner wall of glass tubes used in fabrication of glass 
micropipettes. 
 
Name Value  Unit  Description  
Sa 0.0188 µm Average surface height of selected area 
Sq 0.0294 µm Root-Mean-Square height of selected area 
Ssk 11.9  Skewness of selected area 
Sku 575  Kurtosis of selected area 
Sy 2.80 µm Largest peak to valley height  
Sz 1.54 µm Ten point height  
Sds 0.549 1/µm2 Density of summits - number of summits of a unit sampling area 
Ssc 0.0049 1/µm Arithmetic mean summit curvature of the surface- average of the 
principal curvatures of the summits within the sampling area 
Smax 2.80 µm Maximum height of selected area 
S2A 22075 µm2 Projected area 
S3A 22100 µm2 Actual surface area 
 
These measurements clearly show that both of the outer and inner surfaces of glass 
tubes are rough before pulling.  The roughness could come from the manufacturing 
process of the glass tubes. 
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6.3  Effect of Pulling Parameters on Pipette Tip Size and 
Surface Properties 
 
The effect of pipette tip roughness and size on gigaseal formation has been studied in 
Chapters 3 and 5 respectively.  Here the effect of pulling parameters on these factors 
has been studied.  The study provides means for controlling the size and roughness 
of micropipette tips which in addition to facilitating seal formation, can also be 
useful in many other applications.  Glass micropipettes have been frequently used in 
applications such as: controlled delivery of liquids, genes or sperm to the target (96; 
97; 98), fertilization studies (62), intracellular measurements (99), voltage and 
current clamp studies (1) (100).  Recent development in micro engineering and 
nanosciences has also found new applications of micro/nanopipettes, such as 
generating micro droplets (100), single-molecule fluorescence tracking (96), creating 
nanoscale features by nanolithography and nanowriting methods (101), and 
nanosensing in scanning probe microscopy (102).  In many of these applications a 
smooth tip is preferred because it reduces the chance of tip contamination and 
damage to delicate biological samples (62).  Dozens of pipettes may be used by an 
individual in a single day.  A small improvement in the conditions of the pipette may 
have great influence on the outcome.  Despite their wide applications, there have 
been no reports about numerical analysis on the effect of pulling parameters on 
surface roughness properties of glass micropipettes.  
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6.3.1 Pulling Pipettes  
 
The puller used in the experiments was Flaming/Brown micropipette puller (Model 
P-97, Sutter Instruments, Novato, CA).  The six parameters on this machine for 
controlling the shape and size of micropipettes are heat, pull, velocity, delay, time 
and pressure.  These parameters are briefly introduced here and full details of them 
can be found in the manufacturer’s catalogue (65).  
 
 HEAT (Range 0-999):  HEAT controls the level of electrical current supplied 
to the filament.  The units of heat are in milliamps.  Useful changes in HEAT 
are 5 units or more to see an effect. 
 VELOCITY (Range 0-255):  The velocity of the glass carriage system is 
measured as the glass softens and begins to pull apart under a constant load.  
The velocity transducer is a patented approach (103) and this picks up on the 
velocity of the puller bars as the glass softens. (104) 
 
 PULL (Range 0-255):  This parameter controls the force of the hard pull.  
The units of PULL determine the current to the pull solenoid.  Useful 
changes in PULL strength are 10 units or more to see an effect. 
 
 DELAY (Range 0-255):  DELAY is a cooling mode which controls the delay 
time between when the heat turns off and when the hard pull is activated.  
One unit of DELAY represents 1/2ms. 
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 TIME (Range 0-255):  TIME is a cooling mode and controls the length of 
time the cooling air is active.  One unit of TIME represents 1/2ms. 
 PRESSURE (Range 0-999):  This control sets the pressure generated by the 
air compressor during the active cooling phase of the pull cycle.  The units of 
pressure are in psi.  Changes of less than 10 units will not be noticeable. 
 
To investigate the effect of each parameter on the pipette’s tip surface properties, one 
parameter was varied whereas the others were held unchanged in every set of 
experiments.  Delay and time are both cooling parameters.  Time has a quite narrow 
working range, whereas delay provides a wider range of control.  Therefore the 
effect of delay is investigated.  Table 6.3 shows values of the parameters used in the 
experiments.  Glass micropipettes pulled from borosilicate glass tubes have an outer 
diameter of 1.5 mm and an inner diameter of 0.86 mm (BF150-86-10, Sutter 
Instruments).  The filament of the puller machine was FB230B (2.0 mm square box 
filament, 3.0 mm wide, Sutter Instruments).  Pulling pipettes continuously will make 
the chamber warm and gradually decrease the heating time for subsequent pipettes.  
For this reason the chamber was left for 5 minutes to cool down after pulling every 5 
pipettes. 
 
Table 6.3 Pulling parameters values 
 
Experiment Heat  Velocity Pull Delay Pressure 
Effect of Heat 595, 600 605 10 0 1 500 
Effect of Velocity 606 4, 8, 10, 12, 14 0 1 500 
Effect of Pull 606 10 0, 10, 30 1 500 
Effect of Delay 606 10 0 1, 20, 40 500 
Effect of Pressure 606 10 0 1 300, 350, 400, 450 
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To test the reproducibility of the puller, 10 pipettes were pulled with a set of 
parameters and their tip sizes were measured by Scanning Electron Microscopy 
(SEM).  Figure 6.2 is a summary of the statistics of the experiments.  A few sudden 
variations in tip sizes are due mainly to the non homogeneities in the composition 
and molecular structure of borosilicate glass (99).  In the experiments, pipettes with 
irregular sizes far from the expected value, were not used for reconstruction.  
 
Figure 6.2 Pipette pulling experiment records. 10 pipettes were pulled with the same pulling 
parameters and their tip sizes were measured using SEM. 
 
6.3.2 3D Reconstruction of Pipette Tips 
 
To determine the three dimensional structure of pipette tips, the SEM stereoscopic 
technique was used in the investigation.  Over 20 pipettes have been reconstructed.  
To capture high quality SEM images which satisfy stereoscopic technique 
requirements, glass micropipettes were coated with a thin layer of platinum (<5 nm).  
The SEM machine used for 3D reconstruction was “Quanta 3D FEG” (FEI, 
Hillsboro, Oregon).  The important factors in the SEM stereoscopic technique are 
magnification, tilting angle and resolution.  Since the maximum pixel resolution of 
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the machine is limited, different magnifications and tilting angles have been used to 
reconstruct every pipette’s tip with maximum disparity and highest lateral and 
vertical resolution.  Such a reconstruction could be expected to have the inaccuracy 
of less than 5% (71).  Table 6.4 gives the values of tip diameter, tilting angle, 
magnification, lateral resolution and vertical resolution for 3 different sized 
reconstructed pipettes.  Surface properties of the biggest and smallest pipette are 
shown in Table 6.5.  Figure 6.3 shows the SEM stereo images and digital elevation 
model of the biggest one. 
 
Table 6.4 Reconstruction information for 3 pipettes 
 
Pipette 
number 
Tip Diameter 
(µm) 
Tilting Angle 
(left to right) 
Magnificati
on 
Lateral 
Resolution 
Vertical 
Resolution 
1 34.5 10 5000 29 nm 41 nm 
2 19.3 10 8000 18.1 nm 19.7 nm 
3 3.7 10 50000 5.8 nm 8.2 nm 
 
Figure 6.3 SEM stereoscopic images captured from different angles:  -5 degrees (a), 0 degree (b) and 
5 degrees (c), Digital elevation model created using MeX (d). The exploded view of the selected area.  
The bar represents 10 µm. 
a b c
ed 
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Table 6.5 The surface properties of the biggest and smallest pipettes presented in Table 6.4.  
Name Value (Dt = 34.5 µm) Value (Dt = 3.7 µm) Description 
Sa 149.1 nm 30.8 nm Average height of selected area 
Sq 209.9 nm 42.0 nm Root-mean-square height of selected area 
Sp 1437.4 nm 304.1 nm Maximum peak height of selected area 
Sv 1409.3 nm 238.0 nm Maximum valley depth of selected area 
Sz 2846.7 nm 542.1 nm Maximum height of selected area 
S10z 2304.3 nm 414.59 nm Ten point height of selected area 
Ssk -0.2118 -0.514 Skewness of selected area 
Sku 7.0253 6.4208 Kurtosis of selected area 
Sdq 0.5767 1.3246 Root mean square gradient 
Sdr 13.129% 79.532% Developed interfacial area ratio 
 
6.3.3 Effect of Pulling Parameters of Pipette Surface Properties  
 
The effect of each parameter is studied by investigating at least 3 reconstructions.  
Tip diameter (Dt) and average surface roughness (Sa) of all pipettes have been 
measured.  Figures 6.4 to 6.8 show correlations between pulling parameters and Dt 
and Sa. 
 
 
Figure 6.4 The effect of heat on tip diameter and average surface roughness.  The heat is controlled by 
the level of electrical current supplied to the filament.  The unit of heat is milliamp.  Useful changes 
in heat are 5 units or more to see an effect.  By increasing the heat, both othe Sa and Dt decreases.  
Chapter 6              Study of glass micropipettes from tip formation to characterization 
119 
 
 
 
Figure 6.5 The effect of velocity on tip diameter and average surface roughness.  This control 
measures the velocity of the glass carriage system as the glass softens.  By increasing the velocity, 
both the tip size and the surface roughness decrease.  The velocity has the most significant effect on 
the tip size and the surface roughness.  A small change in velocity value decreases Sa and Dt rapidly. 
 
 
 
Figure 6.6 The effect of the pull on tip diameter and average surface roughness. This parameter 
controls the force of the hard pull. The amount of the pull determines the current to the pull solenoid. 
Useful changes in pull strength are 10 units or more to see an effect. By increasing the pull, both of 
the Sa and Dt decreases. 
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Figure 6.7 The effect of delay on tip diameter and average surface roughness.  Delay is a cooling 
mode which controls the delay time between the time when the heat turns off and the time when the 
hard pull is activated.  One unit of delay represents 1/2 ms . Delay is an effective means of controlling 
the pipette shank length which does not change the size of pipette tip notably. 
 
 
Figure 6.8 The effect of pressure on tip diameter and average surface roughness.  This control sets the 
pressure generated by the air compressor during the active cooling phase of the pull cycle.  The unit 
of pressure is psi.  Changes of less than 10 units will not be noticeable.  Pressure is another way of 
controlling the pipette shank length and does not change the size of pipette tip significantly. 
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As can be seen from figures 6.4 to 6.8 velocity has the most significant effect.  A 
small increase in velocity significantly decreases Dt and Sa.  The effects of pull and 
heat are very similar and not as significant as the effect of velocity.  Delay and 
pressure are factors to change the shank length of the pipettes while keeping the tip 
size unchanged (65).  Increasing delay and pressure will result in a shorter shank.  
Although these two factors do not change tip diameter significantly, it can be seen 
from figures 6.7 and 6.8 that the bigger pipette has a higher surface roughness.  From 
figures 6.4 to 6.8 it can be understood that Dt and Sa have direct correlation.  Figure 
6.9 is obtained by plotting Dt versus Sa for 21 pipettes pulled with different pulling 
parameters.  It can be seen that that average surface roughness of a pipette is strongly 
related to tip size.  Dt and Sa have direct correlation i.e., by increasing the tip size, 
surface roughness also increases.  This result is consistent with the results of Chapter 
5 which states smaller pipettes form a better seal and lower leakage current. 
 
 
Figure 6.9 Average surface roughness of pipette tip (Sa) versus tip diameter (Dt).  Sa is strongly 
dependent on Dt and has a direct correlation with it.  A first degree polynomial equation fitted to data 
suggests that Sa can be estimated knowing the tip diameter of a given pipette with good 
approximation. 
ܵ௔ ൌ 4.15 ܦ௧ ൅ 11.53 
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6.4  Effect of Pulling Direction on Pipette Surface Properties  
 
It has been believed that pulling pipettes with a heating and pulling process results in 
a smooth surface (21).  The surface properties of pipettes’ inner walls were reported 
in section 5.4.2 and the effects of pulling parameters are discussed in the previous 
section.  Here in order to determine the effect of pulling direction on the surface 
texture of a pipette inner wall, autocorrelation of a roughness model for the pipette 
inner surface is obtained.  If the pulling direction is found to be effective on the 
surface properties then it can be used as a tool for controlling the surface properties.  
Figures 6.10 and 6.11 show the pipette inner wall and its autocorrelation roughness 
model. 
 
 
 
Figure 6.10 Digital elevation model of the inner wall surface of the pipette shown in figure 5.11.  As 
is shown in the inset the surface doesn’t have a defined lay and consisted of high frequency 
components.  
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Figure 6.11 Autocorrelation of roughness model of the pipette inner wall.  The plot shows that the 
surface doesn’t have any texture orientation.  Large value of Texture Aspect Ratio of the Surface (Str) 
indicates uniform texture in all directions i.e., no defined lay.  Small value of Autocorrelation Length 
(Sal) denotes that the surface is dominated by high frequency components. 
 
The autocorrelation plot suggests that the surface does not have any tendency of 
orientation and is not affected by pulling direction.  This could be because 
micropipettes are fabricated by a heating and pulling process.  Heating makes 
pipettes soften and no specific orientation could be achieved.  
 
 
µm
 
µm 
Autocorrelation of roughness model 
Sal= 141.42 nm 
Str= 0.8453 
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6.5  3D-Reconstruction of a Pipette Using FIB/SEM 
Nanotomography  
 
As was mentioned in Chapter 2, the geometry of the patching site is an important 
factor in seal formation.  Ideally a smooth round shape is preferred since a patching 
site with sharp corners and irregular shapes is believed to increase leakage.  
Micropipettes are produced from glass tubes with a circular cross section and it is 
assumed that the pipette tip is also circular.  However, there has not been any report 
on the roundness of the pipette tip in the literature.  In gigaseal formation the cell 
membrane has contact with the last one hundred microns of the pipette tip.  
Reconstruction of this area provides valuable information about the exact geometry 
of the contact area. 
 
6.5.1 Effect of Omega Dot  
 
A glass fibre is commonly fused along the inner bore of capillary tubing to facilitate 
the filling of micropipette tips with conducting solutions.  This internal fibre is called 
Omega Dot (99).  The omega dot increases the capillary action and facilitates the 
filling of pipettes by the solution.  Figure 6.12 shows the effect of omega dot on the 
shape of the micropipette tip cross section.  Omega dot changes the circular cross 
section of the pipette to an elliptical shape.  The effect is more significant with the 
omega dot down.  
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Figure 6.12 Cross-sections of micropipettes formed with omega dot either down toward the filament 
or upward away from it.  The cross sections are shown at four different locations:  (a) the capillary 
tubing prior to pulling, (b) the tubing softened by heat and attenuated only by the weak pull, the 
strong pull having been inactivated, (c) the broken back end of the tip mounted for SEM observation, 
and (d) the tip itself (99).  
 
6.5.2 3D Reconstruction of a Pipette 
 
A FEI dual beam Strata 235 focused ion beam (FIB) system was used as a nano 
tomography tool to obtain the 3D shape of a pipette tip.  The process involves a 
cycle of milling a slice of the pipette using FIB, taking an SEM image of the new 
a 
b 
c 
d 
0.5 mm 
0.5 mm 
50 µm 
1 µm 
Omega dot up Omega dot down 
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surface, and then milling and imaging again to produce a stack of SEM images.  A 
micropipette with a tip diameter of 1.3 µm was placed facing the electron beam.  
Figure 6.13a shows the schematic of the pipette, electron beam and ion beam 
configuration.  The angle between I-beam and E-beam was 52°.  Therefore, the angle 
between the imaging plane and the sample was 38°, referring to figure 6.13b.  This 
information was used later for reconstruction.  Each slice of the sample was milled 
off using Ga+ ion beam at 30 Kv and 100 pA for 90 s and dwell time of 1 µs with 
overlap parameters of 50%.  Sixty slices with a total thickness of 3 µm were 
removed and SEM images of the slices taken.  The pixel size of the SEM images was 
4.5 nm.  Figure 6.14 shows an image of the 20th slice after milling and its internal 
edge.  
 
 
Figure 6.13 FIB nanotomography of a glass micropipette. a) schematic of pipette, E-beam and I-Beam 
configuration, (b) a schematic of projected plane and the sample slices planes.  The brown face shows 
the projected planes. 
a b
52°
38°
Pipette 
SEM 
FIB 
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Figure 6.14 Edge detection by using Canny algorithm. a) An SEM image of a pipette after milling, the 
rectangle represents the area which has not been milled during slicing and not affected by the ion 
beam, b) detecting the edge of the internal wall of the pipette using Canny algorithm. 
 
In order  to be able to 3D reconstruct the tip, the following steps should firstly be 
carried out: 
 
 Image alignment 
A feature based alignment method has been used (105).  A fixed feature which 
has not been milled during slicing and not affected by the ion beam is the bottom 
left side of the pipette in figure 6.14 which has been used for the alignment of the 
images. 
 Edge detection 
The edge of the internal circle of the pipette was detected using Canny algorithm 
(106). 
a b
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 The basic idea of this algorithm is to detect the zero-crossing of the second 
derivative of the smoothed images.  It seeks out the zero-crossings of: 
∂ଶሺM כ Iሻ ∂nଶ ൌ ∂ሺሾ∂M ∂nሿ כ Iሻ/ ∂n⁄⁄  
Where M and I are image matrix and unit matrix respectively and n is the 
direction of the gradient of the smoothed image.  Edge detection was performed 
using the image processing tool box of MATLAB software for all of the slices. 
 Back projection 
As far as the image plane has an angle of 38° with respect to the sample slices 
(figure 6.13) one can calculate the position of each point of the sample slice.  
Assuming that x (horizontal) and y (vertical) axes are in the image plane and z is 
the norm of the surface, then: 
xୱୱ୮ ൌ x 
yୱୱ୮ ൌ y cos 38°⁄  
where indices ‘‘ssp” is for the sample slice position.  For zssp, the thickness of 
the slices are 50 nm so the relative distance between the slices remains 50 nm (or 
11 pixels) and the initial angle of the image plane and projected plane is 38°. 
 
Figure 6.15 shows the 3D structure of the pipette tip reconstructed using MATLAB.  
The units of X, Y, Z axes are in pixel and each pixel is 4.5 nm.  In order to examine 
the shape of the pipette tip, a perfect circle was fitted to each slice based on the least 
squared fitted circle method (107) and maximum deviation of the pipette shape from 
the circle was obtained.  Figure 6.16 shows the first slice image and fitted circle.  
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The maximum deviation from fitted circle is 43 nm for this slice.  The average of 
maximum deviations of all slices was found to be 67 nm or 10% in roundness error. 
 
 
 
Figure 6.15 A 3D structure of the pipette tip after reconstruction.  
 
 
 
Figure 6.16 An image of the first slice and fitted circle.  The fitted circle is shown in dashed line. 
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6.6 Tip Formation 
 
Studies and observations carried out on the pipette’s tip surface and geometry in this 
thesis have shed some light on the mechanism of tip formation and lead into new 
hypothesis for tip formation.  In the literature two different mechanisms for 
micropipette tip separation have been discussed.  One mechanism considers that tips 
separate while they are in a fluid phase (99) and another mechanism considers that 
separation happens in a solid phase by fracture (108).  Brown et al have assumed that 
tip separation most probably happens while glass is in a fluid phase which is partly 
because of the appearance of micropipette tips under high resolution SEM.  The tips 
are almost always formed at right angles to the long axis of the micropipette, and 
without major irregularities.  This result may be expected if the two tips separate 
while still in the fluid phase and then harden shortly afterwards.  In their model 
separation occurs when the thickness of the glass wall has become reduced to where 
it cannot be further attenuated at the prevailing viscosity (99).  On the other hand in 
the model by Purves it is assumed that separation into two pipettes occurs by fracture 
when the stress exceeds the tensile strength of the glass (108).  If the tips are 
separated by fracture then one could expect inconsistent fracture orientation and 
irregular or jagged edges.  In both models it was assumed that the temperature and 
hence, viscosity of the glass, do not change during formation of the tips. 
 
High resolution SEM images together with the 3D reconstruction technique have 
made it possible to precisely examine pipette tips in detail.  Figure 6.17 shows SEM 
images of some big pipettes.  Some common factors in all of them are cracks, 
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inconsistent fracture orientation and irregular or jagged edges.  These factors are 
clearly symbols of fracture in the solid phase.  It means that the tip is cooled down 
after the heat has turn off and fracture happens due to the hard pull of glass.  
 
Figure 6.17 SEM images of some big pipettes (Dt > 20 µm).  Some of the clear features of big size 
tips are: cracks, irregular, rough tips and inclined orientation of fracture.  
 
Figure 6.18 shows SEM images of some small pipettes.  Pipettes have smooth and 
round tips.  There is no sign of cracks.  Many pipettes were examined (more than 20) 
and it was found that similar to the results of Brown et al (99), the tips are almost 
always formed at right angles to the long axis of the micropipette, and without major 
irregularities.  This suggests that for small pipettes the tips are formed while the 
glass is still in the fluid phase. 
a b
dc 
10 µm 5 µm 
2 µm 30 µm 
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Figure 6.18 SEM images of some small pipettes (Dt < 2 µm).  Some of the clear features of small size 
tips are: smooth and flat tips (in contrast with inclined of bigger pipettes) and dome shapes around the 
tip.  
 
By comparing images of pipettes in figures 6.17 and 6.18 it can be hypothesized that 
the mechanism of tip formation is dependent on the tip size.  For big pipettes (tip 
size > 20 µm) tips are formed by fracture in a solid phase while for small pipettes 
(tip size < 2 µm) the tips are formed while glass is still in a fluid phase. 
 
For further investigation, tips of micropipettes were studied in more detail.  If the 
tips are formed in a fluid phase then tip surface rearrange itself to minimize the free 
Gibbs energy, therefore tips should have a semispherical shape.  This has been 
schematically shown in figure 6.19.  While, if the tips are formed by fracture, then 
the irregular or jagged profiles are expected across the tip thickness.  
a b
c d
1 µm 1 µm 
1 µm 500 nm
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Figure 6.19 A schematic of a micropipette tip.  If the tip is formed in a fluid phase then the tip should 
have a semispherical shape.  
In order to examine this hypothesis, tips of some big and small pipettes were 3D 
reconstructed using a SEM stereoscopic technique and profiles across their tip 
thickness were obtained.  Figure 6.20 shows some tip profiles of a small pipette (Dt 
= 2.7 µm).  As can be seen, the profiles are relatively smooth curves with a peak in 
the middle.  This result could confirm that the tips are formed in a fluid phase.  
 
Figure 6.20 Digital elevation model of a small pipette tip (Dt = 2.7 µm) and 4 different profiles across 
the tip thickness.  Profiles are relatively smooth curves with a peak in the middle.  The bar represents 
1 µm. 
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Figure 6.21 shows some tip profiles of a big pipette (Dt= 27.9 µm).  As can be seen, 
the profiles are irregular and jagged.  This confirms the hypothesis that tips of bigger 
pipettes are formed in a solid phase.  
 
Figure 6.21 Digital elevation model of a big pipette tip (Dt = 27.9 µm) and 4 different profiles across 
the tip thickness.  Profiles are irregular and jagged.  The bar represents 10 µm.  
 
The profiles are very close to the semispherical shape for smaller pipettes which 
confirms the aforementioned hypothesis.  The results also are consistent with 
previous findings and could explain why bigger pipettes have higher surface 
roughness (see Chapter 5).  For the tip sizes between 2 to 20 µm both kinds of 
features were visible at the tip, therefore this range can be considered as the transient 
range from solid fracture to fluid separation.  
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6.7 Summary 
 
In Chapter 6 various aspects of glass micropipettes are studied.  Inside and outside 
walls’ surface parameters of glass tubes before pulling, measured by laser 
interferometry, showed that both of these surfaces are rough which could be a result 
of the fabrication process of glass tubes.  Glass micropipettes are fabricated from 
glass tubes by a heating and pulling process.  Heat, velocity, pull, delay and pressure 
are the controllable parameters of the fabrication process.  The effects of these 
parameters on tip size and surface roughness properties of pipettes were studied.  It 
was found that there is a direct correlation between tip size and surface roughness of 
the pipette, i.e., by increasing the tip size, surface roughness also increases.  
Autocorrelation plot of the inner wall surface of a pipette showed that the surface 
does not have any tendency of orientation and is not affected by pulling direction.  
Roundness of the pipette in the contact area with a cell was also measured using FIB 
nanotomography and image processing techniques.  It was found that although the 
original glass tubes are circular in cross section, the tips of micropipettes are not 
circular and have the average maximum deviations of 67 nm (10% in roundness 
error) for a micropipette with tip size of 1.3 µm.  These studies helped in the better 
understanding of the mechanism of glass micropipettes’ tip formation.  The results 
show that two different mechanisms are involved in glass micropipette tip formation.  
The mechanisms are dependent on the tip size of the pipettes to be formed.  If the 
parameters are set to produce big pipettes then tips are formed by fracture in a solid 
phase; while if they are set to produce small size pipettes, then the tips are formed in 
a liquid phase.  The findings and results of this chapter explain sources of leakage in 
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seal formation and can be useful in various applications of glass micropipettes where 
surface properties and sizes are important. 
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CHAPTER 7:  CONCLUSION AND FUTURE WORK 
7  
7.1 Conclusions  
 
This PhD project is aimed at better understanding the mechanisms of gigaseal 
formation, and also to enhance seal formation in patch clamping using 
micro/nanotechnology in terms of both seal resistance and frequency of occurrence.  
The project furthermore aims to provide techniques which are readily applicable in 
practice for gigaseal formation improvement.  The research has involved 3D 
reconstruction of tips using the Scanning Electron Microscope (SEM) stereoscopic 
technique and Focused Ion Beam (FIB) nanotomography; chemical treatment and 
FIB milling of micropipettes; studying the effect of pulling parameters on pipette 
surface properties and geometry; studying the mechanism of pipette tip formation; 
measuring inner and outer walls’ surface properties; finite element modelling of 
patch clamping; conducting many patch clamping experiments and cell culture.  The 
proposed approach uses micro/nano technology to study the influence of important 
factors such as roughness, hydrophilicity, and pipette tip size on gigaseal formation.  
Three dimensional reconstruction and nanotomography of glass micropipettes have 
revealed the details of the surface in contact with the cell membrane.  FIB milling, 
plasma treatments and piranha solution treatment were used to alter the physical and 
chemical properties of the glass micropipettes.  Extensive patch clamping 
experiments were conducted to investigate the effect of changes on seal resistance.   
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The significant contributions of the gigaseal formation research can be summarised 
as follows: 
 
A. 3D Reconstruction of Micropipette Tip. 
 
Tips of glass micropipettes were successfully reconstructed using the SEM 
stereoscopic technique.  FIB nanotomography was also used to reconstruct the region 
of the pipette which is in contact with the cell membrane.  Surface properties were 
then obtained from the reconstructed models.  
 
B. Focused Ion Beam Polishing of Glass Micropipettes.  
 
For the first time focused ion beam milling has been used as a micropipette’s 
polishing tool.  This will result in an ultimately smooth surface at the tips of 
micropipettes which enhance seal formation significantly.  
 
C. Chemical Treatment of Glass Micropipettes.  
 
A novel approach to alter surface chemistry of glass micropipettes, introduced by 
controlling etching time in piranha solution and oxygen plasma treatments.  The 
approach makes only the patching site of pipettes highly hydrophilic and protects the 
rest of the pipette from treatment.  Therefore the conductive bath solution will only 
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creep up from the pipette wall for a small distance which minimizes the pipette 
capacitance.  
D. Study the Effect of Tip Size 
 
The effect of tip size on surface roughness properties of the pipette tip and the 
pipette inner wall has been investigated.  It was found that smaller pipettes have 
smoother surfaces which result in better sealing conditions.  
 
E. Study the Effect of Pulling Parameters on Glass Micropipettes. 
 
The effect of pulling parameters on the pipette tip surface roughness and geometry 
was studied.  The study shows that there is a direct correlation between the size and 
surface roughness properties of micropipettes’ tips.  
 
F. Study the Mechanism of Pipette Tip Formation. 
 
The mechanism of pipette tip formation is studied by investigating the tip of many 
pipettes using Scanning Electron Microscopy (SEM) and 3D reconstruction.  It was 
found that the mechanism of tip formation (fracture in the solid phase or separation 
in the fluid phase) depends on the tip size of the pipettes.  
 
G. Cell Culture and Patch Clamp Experiments. 
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Human Embryonic Kidney (HEK) cells were cultured on cover slips 2 to 3 days 
before the experiments.  Patch clamp experiments were carried out using 
conventional and treated pipettes.  FIB polished and piranha polished pipettes were 
able to improve the seal formation significantly in terms of both seal resistance and 
probability of seal formation.  
 
Through repeated patch clamp experiments and characterization of micropipettes, all 
the project objectives have been met.  The following conclusions can be drawn from 
the research. 
 
1. Pipette tip roughness was found to be very important in seal formation.  FIB 
polishing of pipettes proved successful in the formation of the high resistance 
seal required for single ion channel recording. 
 
2. Surface hydrophilicity of patching plays an important role in seal formation.  
Treating pipettes with piranha solution is readily applicable in laboratories 
and increases the seal formation probability significantly.  
 
3. Decreasing the tip size of micropipettes improves the seal formation.  Tip size 
of micropipettes can be easily controlled by changing the pulling parameters 
to obtain pipettes with desired sizes. 
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4. Inner walls of micropipettes are also rough and surfaces do not have any 
tendency of orientation and are not affected by pulling direction. 
 
5. Tip cross section is not circular and has the average of maximum deviations 
of 10% in roundness error.  
 
6. Pulling parameters have influence on surface properties and tip size.  
Furthermore there is a direct correlation between size and surface roughness 
of micropipettes tips. 
  
7. Finite Element modelling shows that cell membrane cannot fill cavities of the 
rough tip, which facilitates ions escape and compromising of the seal.  
 
8. The mechanism of tip formation depends on tip size of the pipette to be 
formed.  Large pipettes are very likely to be formed by fracture in the solid 
phase while for small pipettes separation happens while glass is still in the 
liquid phase.  
 
Based on the experimental and analysis work presented in this thesis, FIB polishing 
and hydrophilic treatments of micropipettes prove to be effective, repeatable and 
yield high resistance seals.  Furthermore, decreasing the tip size and piranha 
treatment of pipettes, can be easily applied in laboratories. Thus, the project aims 
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have been successfully met.  The methodology and analysis adopted in the research 
are adequate in leading to the project aims. The treatment and fabrication processes 
developed in the research are applicable to planar and lateral patch clamping systems 
to improve the quality as well as throughput of recordings. 
7.2 Suggestions for Future Work 
 
This thesis represents a comprehensive research effort performed to explore gigaseal 
formation in patch clamping.  As such, it should be viewed as a solid foundation for 
further work.  Future research is needed, either to apply current findings into high 
throughput systems, or to complete works initiated in this PhD project which have 
not been completed because they are well beyond the project scope. 
 
The following is a list of further research topics, which are identified: 
 
1. In the current research, the surfaces of glass micropipettes were studied in 
detail. Techniques such as FIB nanotomography can be used for 
reconstruction of the interface between cell membrane and pipette wall.  
Such reconstruction provides valuable information about the nature of the 
interactions and how the membrane bonds to the pipette wall.  
 
2. This thesis introduces the use of FIB milling as a polishing tool of glass 
micropipettes for the first time.  FIB can be further used to reshape the tip by 
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creating a chamfer.  This allows further movement of the cell membrane into 
the pipette and therefore increasing seal resistance.  
 
3. Measuring the forces required for removing the membrane from micropipettes 
may give some clues about the nature of bonds involved in seal formation.  
 
4. In Chapter 5 it was discussed that Sdr of a surface is an important factor in 
seal formation.  Chemical treatments can be used for increasing the Sdr of 
glass micropipettes and therefore improving gigaseal formation.  
 
5. The correct moment of suction application is important in successful seal 
formation.  Better mechanisms for detecting the distance between tip and cell 
membrane can be helpful in achieving higher resistance seals.  
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APPENDIX A 
8 A 
In Chapter 3 it was mentioned that in the stereoscopic technique, depth can be 
calculated from measuring the parallax movement of features from their location in 
the first image, to the new location in the second image.  
 
Consider a fixed frame of reference having three orthogonal axes x, y, z, as depicted 
in figure A.1.  Axis z coincides with the optic axis of the microscope and axis x is 
parallel to the tilt axis of the goniometric head.  During the capturing of stereo 
images the sample will undergo different displacements whose composition will be 
equivalent to a rotation around the x axis, which will be called the virtual axis of the 
tilt, and a vertical translation along the z axis.  The reference frame is considered as 
sliding up and down in such a way that the relative movement of the object will be 
only a rotation around the x axis.  This simply means that the projection centre C 
moves along z during tilting and that different values of d must be considered, one 
for each new tilted position.  Let P be a point on the object having cylindrical 
coordinates ߮, R and a, relative to the tilt axis, as shown in figure A.1. 
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Figure A. 1 Coordinate axes for projection analysis.  
 
The orthogonal coordinates of P are (68): 
ζൌa     ߟ ൌ ܴܿ݋ݏ ߮      ݖ ൌ ܴݏ݅݊ ߮ 
Now the projection ܲᇱ of P from the centre C on to the plane z = 0 has coordinates: 
ܲᇱܱ ൌ ൫௔మାோమ ୡ୭ୱ ఝమ൯
భ/మ
ଵିሺோ/ௗሻ ୱ୧୬ ఝ    ߚ ൌ
ோ ୡ୭ୱ ఝ
௔  
Or 
ݔ ൌ ௔ଵିሺோ/ௗሻ ୱ୧୬ ఝ   ݕ ൌ
ோ ୡ୭ୱ ఝ
ଵିሺோ/ௗሻ ୱ୧୬ ఝ 
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Let us now consider the coordinates of projection ܲᇱ as a function of the angle ߮, 
and now introduce the tilt movement.  As previously stated, the effect will be a shift 
along the z axis (thus determining a new working distance) and a rotation around the 
x axis by an angle equal to the angle of tilt.  If we rotate the object around the ݔ axis 
by an incremental quantity േ∆߮, starting from the mean value ߮, we obtain the 
following two sets of coordinates: 
 
ܲሺ߮ െ ∆߮ሻ: ൞
ݔଵ ൌ ௔ଵିሺோ/ௗభሻ ୱ୧୬ሺఝି∆ఝሻ 
ݕଵ ൌ ோ ୡ୭ୱሺఝି∆ఝሻଵିሺோ/ௗభሻ ୱ୧୬ሺఝି∆ఝሻ
 
ܲሺ߮ ൅ ∆߮ሻ: ൞
ݔଶ ൌ ௔ଵିሺோ/ௗభሻ ୱ୧୬ሺఝା∆ఝሻ 
ݕଶ ൌ ோ ୡ୭ୱሺఝା∆ఝሻଵିሺோ/ௗమሻ ୱ୧୬ሺఝା∆ఝሻ
 
 
or, introducing the orthogonal coordinates ߞ, ߟ, ݖ of ܲሺ߮ሻ: 
 
ܲሺ߮ െ ∆߮ሻ: ൞
ݔଵ ൌ ௗభ఍ௗభି௭ ୡ୭ୱ ∆ఝାఎ ୱ୧୬ ∆ఝ 
ݕଵ ൌ ௗభሺఎ ୡ୭ୱ ∆ఝା௭ ୱ୧୬ ∆ఝሻௗభି௭ ୡ୭ୱ ∆ఝାఎ ୱ୧୬ ∆ఝ
 
ܲሺ߮ ൅ ∆߮ሻ: ൞
ݔଶ ൌ ௗమ఍ௗమି௭ ୡ୭ୱ ∆ఝିఎ ୱ୧୬ ∆ఝ 
ݕଶ ൌ ௗమሺఎ ୡ୭ୱ ∆ఝି௭ ୱ୧୬ ∆ఝሻௗమି௭ ୡ୭ୱ ∆ఝିఎ ୱ୧୬ ∆ఝ
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This gives four relationships in which x and y are the coordinates of the projections 
of point P on to the plane z=0.  System (1) may be solved for the three unknowns 
ߞ, ߟ, ݖ: 
ݖ ൌ ሺ௬భି௬మሻ ୡ୭ୱ ∆ఝା௬భ௬మሺଵ/ௗభାଵ/ௗమሻ ୱ୧୬ ∆ఝୱ୧୬ሺଶ∆ఝሻሺଵା௬భ௬మ/ௗభௗమሻାୡ୭ୱሺଶ∆ఝሻሺ௬భ/ௗభି௬మ/ௗమሻ  
ߞ ൌ ௗభାௗమିଶ௭ ୡ୭ୱ ∆ఝௗభ/௫భାௗమ/௫మ   
ߟ ൌ ௭ሼሺ௬భା௬మሻ ୡ୭ୱ ∆ఝାሺௗభିௗమሻ ୱ୧୬ ∆ఝሽିሺ௬భௗభା௬మௗమሻሺ௬భି௬మሻ ୱ୧୬ ∆ఝିሺௗభାௗమሻ ୡ୭ୱ ∆ఝ   
 
Therefore coordinates of point P were obtained.  This can be done for all of the 
points in an SEM image to obtain the 3D structure of a given surface.  Here this has 
been proved mathematically.  Further information can be found in (68). 
